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PREFACE
To date the majority of the investigations of the phenomena
and mechanisms of raceraisation have been concerned with complexes in
which similar ligands are grouped about the central metal ion
(e.g. £Ni(phen).j3Cl2). The purpose of the present work has been to
extend the studies to complexes containing different bidentate groups*
2+ 2+The complexes CNiCbipy)(phen)^ and C N i ( p h e n ) ( b i p y h a v e  been 
chosen because of the large amount of information available about the
24"rates of raceraisation and dissociation of the related ions CNi(phen)03 
and CNi(bipy>332+.
An investigation of rates of racemisation and dissociation has
been made and used to provide additional information on the mechanisms
of raceraisation of the nickel(II) phenanthroline and bipyridine systems.
For example, if a postulated mechanism included factors common to more
than one complex it was examined with both complexes in mind. Hence, a
more reliable interpretation becomes possible.
New mono compounds of the metal halides of the first transition
series containing the ligands 1,10-phenanthroline, 2,2*-bipyridine, and
2,2*,2M—terpyridine, and mixed complexes of Cr(III) with 2,2f-bipyridine
(or 1,10-phenanthroline) and oxalate ligands, have been prepared and
resolved. A study of their kinetics of raceraisation has been carried out.
3+An improved method for the resolution of the CCo(en)^ ion and 
also a high yield preparation of dextro £Co(en)gIl I3 by means of a 
second order asymmetric transformation have been described.
Finally, an unusually large activity effect has been found to 
be present in solutions of the ion EjCoCen^Cox)!! and any of the
( i v )
3+f o l l o w i n g  o p t i c a l l y  a c t i v e  i o n s :  iö JoC en )^  , t a r t r a t e ,  and
c a ra p h o r s u lp h o n a te • T h i s  h a s  made p o s s i b l e  t h e  r e s o l u t i o n  o f  
CCo(en>2 (o x )3 B r  i n  good y i e l d  by t h e  t e c h n iq u e  o f  p r e c i p i t a t i n g  t h e  
CCo(en)2 ( o x ) + i o n  as t h e  brom ide from  a s o l u t i o n  c o n t a i n i n g  t h e  
above m e n t io n e d  o p t i c a l l y  a c t i v e  i o n s .
CHAPTER ONE
1 . 0  OPTICAL ACTIVITY IN METAL COMPLEXES.
C e r t a i n  s u b s t a n c e s  h av e  t h e  p r o p e r t y  o f  r o t a t i n g  t h e  p l a n e  o f  
p o l a r i s a t i o n  o f  a  beam o f  p l a n e  p o l a r i s e d  l i g h t ,  and a r e  s a i d  t o  be 
o p t i c a l l y  a c t i v e .  T hey  may be o r g a n i c  o r  i n o r g a n i c  m o l e c u l e s  o r  i o n s ,  
T h e i r  o p t i c a l  a c t i v i t y  may be a p r o p e r t y  o f  t h e  m o l e c u l e s  t h e m s e l v e s  o r  
a r i s e  f ro m  t h e  a r r a n g e m e n t  o f  t h e  g r o u p s  i n  t h e  c r y s t a l l i n e  l a t t i c e .
The l a s t  m e n t io n e d  i n c l u d e  q u a r t z ,  so d iu m  b ro m a te ,  b e n z i l ,  and z i n c  
s u l p h a t e .  When t h e  l a t t i c e  i s  d e s t r o y e d ,  e . g .  by f u s i o n  o r  d i s s o l u t i o n ,  
t h e  o p t i c a l  a c t i v i t y  i s  l o s t .  I n  c o n t r a s t  t h e  o p t i c a l  a c t i v i t y  r e s i d i n g  
i n  t h e  m o l e c u l e s  t h e m s e l v e s  i s ,  o f  c o u r s e ,  i n d e p e n d e n t  o f  t h e  p h y s i c a l  
s t a t e .  T h e s e  i n c l u d e  ammonium d - t a r t r a t e ,  d - r a e t h y l e t h y l c a r b i n o l ,  and 
t r i s  e t h y l e n e d i a m i n e  c o b a l t ( I I I )  c h l o r i d e .
The c o n d i t i o n  f o r  o p t i c a l  a c t i v i t y  t o  be p r e s e n t  i n  a  s u b s t a n c e  
i s  t h e  a b s e n c e  o f  a  p l a n e  o r  c e n t r e  o f  sy m m e try .  T h a t  i s ,  t h e  s t r u c t u r e  
c o n c e r n e d  m ust  be n o n - s u p e r i m p o s a b l e  up o n  i t s  m i r r o r  im a g e .  O p t i c a l l y  
a c t i v e  c a r b o n  com pounds a r e  c l a s s i c a l l y  a s y m m e t r i c a l  b u t  many m e t a l  
c o m p le x e s  a r e  d i s s y m m e t r i c a l  and p o s s e s s  some sym m etry  e l e m e n t s .
The o p t i c a l  r o t a t o r y  pow er o f  a  s o l u t i o n  i s  u s u a l l y  e x p r e s s e d  
i n  t e r m s  o f  i t s  s p e c i f i c  r o t a t i o n ,  l. & ~ 3  — AQ.Q-2 :^— # Where cC  i s  t h e  
r o t a t i o n  i n  d e g r e e s  o f  a  s o l u t i o n  o f  t h e  s u b s t a n c e  a t  a  p e r c e n t  (W/ v ) 
c o n c e n t r a t i o n  c i n  a  t u b e  o f  l e n g t h  1 d e c i m e t r e s .  The w a v e l e n g t h  o f  t h e  
l i g h t  u s e d  m ust  be s t i p u l a t e d  and a l s o  t h e  t e m p e r a t u r e  a s  t h e  s p e c i f i c  
r o t a t i o n  d e p e n d s  o n  b o t h ,  t h o u g h  t h e  t e m p e r a t u r e  u s u a l l y  i s  n o t  a c r i t i c a l  
f a c t o r .  I n  a d d i t i o n ,  t h e  c o n c e n t r a t i o n  o f  s o l u t e  and t h e  s o l v e n t  i t s e l f  
c a n  a f f e c t  t h e  r o t a t i o n .  The m ost common t y p e  o f  c o o r d i n a t i o n  compound
2which can exist in optically active forms has the octahedral configura­
tion, Other structures are also known to be capable of resolution e.g, 
the tetrahderal bis (benzoylacetonato) berylliumCII) complex. In octa­
hedral complexes the most usual structures giving rise to mirror image 
forms are shown below.
: bidentate ligand,
X = unidentate ligand.
If the figures on the left side of the mirror plane represent 
dextro(d) configurations then the right side are the opposite, levo(l) 
configurations. Substances may be resolved by either chemical or physical 
means. Easily the most popular method is the formation of a crystalline 
diastereoisomer, Provided that the racemic substance is an anion or 
cation, the addition of an oppositely charged optically active ion may
produce a crystalline diastereoisomer, For example, the addition of
3p o ta ssiu m  antim onyl d - t a r t r a t e  to  a s o lu t io n  o f  L N i(phen)3gC i2 g iv e s  an
T Q C
im m ediate p r e c ip i t a t e  o f  th e  d ex tro  d ia s te r e o is o m e r . F u rth er , an
e x c e s s  o f  r e s o lv in g  agent w i l l  not p r e c ip i t a t e  th e  o th e r  form w hich i s  
very  s o lu b le .  The la r g e  d i f f e r e n c e  in  s o l u b i l i t y  o f  th e  d ia s te r e o is o m e r s  
in  t h i s  in s ta n c e  c o n s t i t u t e s  an id e a l  method o f  r e s o lu t io n ,  s e p a r a tio n  
b ein g  ach ieved  in  a s in g le  o p e r a t io n . Common r e s o lv in g  ag en ts  fo r  
c a t io n ic  s p e c ie s  in c lu d e  d - t a r t r a t e ,  d -cam phorsu lphonate, 
d-brom ocam phorsulphonate and even  o th e r  com plex io n s  such as th e  
d - e th y le n e d ia m in e te tr a a c e ta to c o b a lta te ( I I I )  io n .  Werner4 employed
qj,
s i l v e r  d - t a r t r a t e  to  r e s o lv e  th e  CCoCen)^ io n  th e  a c tu a l
d ia s te r e o is o m e r  b e in g  th e  c h lo r id e  d - t a r t r a t e  s a l t .  ( c f .  s e c t io n  4 . 2 ) .
The CCoCen)2 (N02>2^+ io n  raay 130 r e so lv e d  w ith  a c t iv e  p otassiu m
196e th y le n e d ia r a in e te tr a a c e ta to c o b a lta te ( I I I )  . C a tio n ic  forms o f  a c t iv e
s tr y c h n in e , b r u c in e , and cL p h en y leth y lam in e  and th e  d - C N i C p h e n ) ^ i o n 58 
have been used  f o r  th e  r e s o lu t io n  o f  a n io n s . Exam ples are quoted in  t h i s  
work ( s e c t io n s  4 .3 1 ,  4 .3 2 )  in  w hich a c t iv e  CCo(en)2 (ox)I3+ i s  used  to  
r e s o lv e  EjCrCphenH ox)^” and CCrCbipyK ox)^"".
I t  i s  som etim es p o s s ib le  to  make u se o f  a s h i f t  in  ch em ica l 
e q u ilib r iu m  in  ord er to  g e t  a h igh  y ie ld  o f  one enantiom orph from a 
s o lu t io n  o f  th e  ra cem a te . P rovided  th a t  ra cer a isa tio n  ta k e s  p la c e ,  a r e ­
s o lv in g  agent w hich w i l l  p r e c ip i t a t e  o n ly  one form i s  n eed ed . For exam ple,
2+
th e  racem ic QFeCphen)^ io n  w ith  e x c e s s  d -an tim on y l t a r t r a t e  y i e l d s  a
p r e c ip i t a t e  o f  1—Sj'e(phen)^d(SbO t a r t ) 2 .4H20 .  I f  th e  s o lu t io n  i s
a llow ed  to  s ta n d , com p lete  c o n v e r s io n  o f  th e  racem ate to  th e  le v o  form i s  
197o b ta in e d . Two o th e r  exam ples o f  th e  e q u ilib r iu m  method o f  r e s o lu t io n
are d e sc r ib e d  in  t h i s  work* One enantiom orph o n ly  o f  th e  ion s
4,
CCr(phen)Cox) 3 ” and C C rCbipy)(ox) 3 “ may be r e a d ily  o b ta in ed  by u s in g  2 «
an e x c e s s  o f  th e  r e s o lv in g  agent and a llo w in g  to  stand* D extro
C O O f i L T W
t r is (e t h y le n e d ia m in e ) ^ c h lo r id e  d - t a r tr a te  prepared by o x id a t io n  o f  th e
c o b a lt  ( I I )  com plex, i s  produced in  ov er  70 p ercen t y ie ld  i f  th e  r e a c t io n
i s  c a r r ie d  out in  aqueous a lc o h o l o f  such  a c o n c e n tr a t io n  th a t  o n ly  th e
l e a s t  s o lu b le  d ia s te r e o is o m e r  se p a r a te s*  C ontinuous e le c t r o n  t r a n s f e r
r a c e m is a t io n  (p fe7 ) o f  th e  l-G C oC en)^  io n  v ia  some CCo(en)g3 p ro -
34*duces more o f  th e  d-CC oCen)^ io n  w hich th en  s e p a r a te s  as th e  
d ia s te r e o is o m e r .
E vidence has been o b ta in ed  showing th a t  th e  a c t i v i t i e s  o f  th e
d and 1 form s o f  a su b sta n ce  can  be a f f e c te d  to  d i f f e r e n t  d e g rees  by th e
a d d it io n  o f  o th e r  o p t i c a l ly  a c t iv e  i o n s .  °  T h is  p r o v id e s  a method o f
r e s o lu t io n  u s in g  th e  phenomenon c a l l e d  " c o n f ig u r a t io n a l a c t iv i ty " *  For
exam ple, th e  s o l u b i l i t i e s  o f  th e  enantiom orphs o f  CRu(phen)^CC104 >2 are
a lte r e d  when in  th e  p resen ce  o f  d - t a r t r a t e  o r  d—bromocaraphorsulphonate 
193io n .  The d i f f e r e n c e  has been a t tr ib u te d  to  th e  d i f f e r e n t  a c t i v i t i e s
o f  th e  d and 1 form s brought about by th e  o p t i c a l ly  a c t iv e  en v iron m en t.
A method o f  r e s o lu t io n  based on such  a d i f f e r e n c e  in v o lv e s  r e c r y s t a l l i s i n g
racem ic s a l t s  from s o lu t io n s  w hich c o n ta in  o p t i c a l ly  a c t iv e  io n s*  Thus
CRu(bipy) J l 0 was o b ta in ed  in  an a c t iv e  form by r e c r y s t a l l i s a t i o n  from  3 ^
194ammonium d-broraocam phorsulphonate s o lu t io n *  A fu r th e r  exam ple w i l l  be
d e sc r ib e d  in  t h i s  work ( s e c t io n  4 * 3 ) ,
R e s o lu t io n  by means o f  D e le p in e ’ s method o f  a c t iv e  r a c e m a te s11 
i s  a p p lic a b le  to  an isoraorphous s e r i e s  o f  racem ic compounds* When a 
sa tu r a te d  s o lu t io n  o f  d-K ^C lrC ox)^  was added to  a sa tu r a te d  s o lu t io n  o f  
dl-KCRh(ox)g3 a mixed a c t iv e  racem ate dKgClrCox)^-! • lKgCRhCox)^ se p a r a te d ,
5and d—KgCRhCox)^! rem ained in  s o lu t i o n .  The "racem ate” was a c t iv e  be­
ca u se  th e  d i f f e r e n t  d and 1 form s p r e sen t had d i f f e r e n t  r o ta t io n s #
An in t e r e s t in g  new approach to  th e  problem  o f  r e s o lv in g  su b -  
192s ta n c e s  has been su g g e ste d  and i s  based on th e  f a c t  th a t  th e  d and 1 
form s o f  CCo(en)gllClg were found to  d i f f u s e  a t d i f f e r e n t  r a te s  in  an 
o p t i c a l ly  a c t iv e  s o lu t io n  such  as su cro se#
Some tim e ago Werner o b ta in ed  p r e f e r e n t ia l  c r y s t a l l i s a t i o n  o f  
one o p t ic a l  form from a s o lu t io n  o f  th e  racem ate, u s in g  an isom orphous 
o p t i c a l ly  a c t iv e  c r y s t a l  as a seed# In t h i s  way, th e  dlC C r(en) (ox)I] + 
io n  was r e so lv e d  u s in g  se ed s  o f  d-C C o(en)2 (ox)H C l4 ,
s.
A more r e c e n t  tech n iq u e  i s  th a t  o f  s e l e c t i v e  a d so r p tio n  o f  one 
enantiom orph in  p r e fe r e n c e  to  th e  o th e r  on an o p t ic a l ly  a c t iv e  su r fa c e  
such  as s ta r c h 9 , l a c t o s e 10 ,  o r  q u a r t z ,3 At p r e se n t o n ly  p a r t ia l  
r e s o lu t io n s  have been ach ieved  but th e  method should  be v a lu a b le  p a r t ic u ­
la r ly  fo r  n o n -io n ic  su b sta n c es*  For exam ple, th e  p a r t ia l  s e p a r a tio n  in to  
d and 1 form s o f  both  C r ( I I I )  and C o (I I I )  a c e ty la c e to n a te s  on la c t o s e  
has been r e p o r te d .10
Chem ical m ethods based on d i f f e r e n c e s  in  th e  r a te s  o f  r e a c t io n  
o f  enantiom orphous form s have been t r i e d  as a means o f  e f f e c t i n g  a 
r e s o lu t io n .  For exam ple, c ir c u la r ly  p o la r is e d  l ig h t  i s  absorbed to  
d i f f e r e n t  e x te n t s  by o p t ic a l  a n tip o d es#  T h is le d  Ja eg er  and B erger101 
to  attem pt to  decompose one form o f  th e  l i g h t - s e n s i t i v e  dl-K gCCoCox)^ by 
ir r a d ia t io n  w ith  c ir c u la r ly  p o la r is e d  l i g h t .  They were not s u c c e s s f u l  in  
d e t e c t in g  any a c t i v i t y .  In view  o f  th e  p resen ce  o f  Co ( I I )  in  th e  de­
c o m p o sit io n  p ro d u cts  t h e i r  f a i lu r e  was not s u r p r is in g #  I t  has been  
shown110 th a t  th e  p r e sen ce  o f  C o ( I I )  f a c i l i t a t e s  rap id  l o s s  o f  a c t i v i t y
6by an e le c t r o n - t r a n s f e r  mechanism ( s e c t io n  2 . 5 ) ,
7
The f i r s t  r e s o lu t io n  e v e r  was accom plished  m anually a f t e r
id e n t i f y in g  th e  d and 1 form s o f  ammonium d - t a r t r a t e  from the m irror-im age
r e la t io n s h ip s  o f  th e  c r y s t a l s #  For t h i s  method to  be p o s s ib le  th e
enantioraorphs must c r y s t a l l i s e  so th a t  each  u n it  c o n ta in s  e i t h e r  pure
d o r  pure 1 m o le c u le s , i# e #  a racem ic m ixture in  c o n tr a s t  to  a racem ic
compound or  s o l id  s o lu t io n *  In a d d it io n , th e  c r y s t a l s  th em se lv e s  must
p o s s e s s  heraihedral f a c e t s  w hich perm it them to  be d is t in g u is h e d  from
each  o th e r*  The method i s  m ainly o f  h i s t o r i c a l  in t e r e s t  but has been
2+ 167a p p lie d  r e c e n t ly  to  th e  r e s o lu t io n  o f  th e  Cu(en>3 io n .
O p tic a l a c t i v i t y  in  m eta l com plexes has p layed  a p art in  th e  
h is to r y  o f  th e  m e ta l- l ig a n d  bond and i t  i s  p e r t in e n t  to  o u t l in e  t h i s  
developm ent in  th e  n ext s e c t i o n ,
1 .1  THE METAL LIGAND BOND*
I t  was o f t e n  ob served  th a t  s u b s t i t u t io n  o f  one s e t  o f  l ig a n d s  
fo r  an other produced a marked change in  th e  m agnetic moment o f  a com plex#  
I t  was th e s e  changes w hich prov id ed  th e  s o - c a l le d  m agnetic c r i t e r i o n  o f  
bond t y p e .  T ogeth er  w ith  th e  a b i l i t y  o f  th e  com plex to  be r e so lv e d  and 
th e  r e s u l t s  o f  exchange s t u d ie s ,  a means was a v a i la b le  to  c l a s s i f y  th e  
typ e  o f  bond p r e sen t#
The m agnetic c r i t e r i o n  may be i l l u s t r a t e d  in  th e  fo llo w in g  way*
O x
The io n  Fe(H o0 ) i s  param agnetic as i t  c o n ta in s  fo u r  unpaired  e le c t r o n s .  
I f  th e  w ater  m o le c u le s  are r e p la c e d  by 1 , 1 0 -p h en a n th ro lin e  th e  r e s u l t  i s  
a d eep -red  d iam agn etic  p r o d u c t . The change in  th e  number o f  unpaired  
e le c t r o n  s p in s  i s  commonly r e p r ese n te d  in  th e  fo llo w in g  way:
( i )  Fe(H20 ) 62+
( i i )  F e(phen>32+
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7When th e  w ater m o le c u le s  are r ep la ced  by p h en a n th ro lin e  i t  i s  th e  3d
15s u b s h e l l  w hich i s  most a f f e c t e d ,  P a u lin g  in te r p r e te d  th e  change in
m agnetism  t h u s : -  The ir o n  atom cou ld  v a c a te  two 3d o r b i t a l s  by p a ir in g
e l e c t r o n s .  Then h y b r id is a t io n  o f  th e s e  two empty d o r b i t a l s  w ith  th e  4 s
2 3and 4p o r b i t a l s  co u ld  produce s i x  d s p hybrid  o r b i t a l s ,  which were
d ir e c te d  tow ards th e  c o r n e rs  o f  an o c ta h ed ro n . The hybrid  i s  in d ic a te d
by th e  d o tte d  l in e  in  ( i i ) .  By th e  m agnetic c r i t e r i o n  ( i )  i s  la b e l le d
io n ic  and ( i i )  c o v a le n t#  However, th e r e  was room to  in c lu d e  a d egree  o f
c o v a le n t  c h a r a c te r  in  an io n ic  bond and v i c e - v e r s a .
In a d d it io n  to  th e  3d, 4 s ,  and 4p s e t s  o f  o r b i t a l s  shown in
( i )  and ( i i )  th e re  a r e , o f  c o u r se , o r b i t a l s  fu r th e r  removed from th e
n u c leu s e , g .  4d, w hich are r e fe r r e d  to  as o u te r  o r b i t a l s .  Some tim e ago 
i  8H uggins su g g e ste d  th a t  th e s e  o r b i t a l s  co u ld  be used in  form ing c o v a le n t
bonds and he a ls o  e x p e c te d  th e s e  bonds to  be more p o la r .  The com plexes
w hich d id  not have vacan t th e  n e c essa ry  in n er d o r b i t a l s  cou ld  th e r e fo r e
_ 2+
a t t a in  some c o v a le n t  c h a r a c te r #  For exam ple, th e  uNi(phen)^3 io n  w ith
3  4e ig h t  d e le c t r o n s ,  was b e l ie v e d  to  be f a i r l y  c o v a le n t  and u se  4s 4 p 4 d‘ 
h ybrids#  T h is  cou ld  be rep r ese n te d  as:
4 §-----P._______ d
ooeoo io ooo odooo
!____________________________ j
S in ce  th e  o r b i t a l s  used  were fu r th e r  from th e  n u c le u s , an o u ter  o r b i t a l
com plex was p r e d ic te d  to  be somewhat weaker th an  th e  corresp on d in g  inner
o r b i t a l  com plex as reg a rd s bond s tr e n g th  and at th e  same tim e more i o n ic .
Many compounds c l a s s i f i e d  by th e  m agnetic c r i t e r i o n  as c o v a le n t
were slow  to  undergo s u b s t i t u t io n  r e a c t io n s ,  w h ile  o th e r s  found t o  be
2+
io n ic  g e n e r a lly  r e a c te d  r a p id ly .  For exam ple, th e  ;J'e(phen)33 ion  was 
d iam agn etic  and th e r e fo r e  c o v a le n t  bonds were p r e s e n t .  The b lue
CFeCphen>2Cl23 °  was p a ra m a g n e tic  and so  was an  io n ic  co m p lex . The 
r e a c t i o n s  o f  th e  b i s  com plex  w ere r a p id  w h ile  th o s e  o f  th e  t r i s  w ere 
s lu g g i s h .  In  g e n e r a l ,  th e  c h e m ic a l b e h a v io u r  h e re  s u p p o r te d  th e  bond
n  I
c l a s s i f i c a t i o n .  On th e  o t h e r  hand , th e  s i m i l a r  C N iC phen )^  io n  was an 
o u t e r  o r b i t a l  com p lex , y e t  i t  d i s s o c i a t e d  abou t 100 t im e s  s lo w e r  th a n  
th e  F e ( I I )  c o u n t e r p a r t ,
A c l a s s i f i c a t i o n  o f  bond ty p e s  on th e  r e s u l t s  o f  exchange  r e ­
a c t io n s  gave g e n e r a l  s u p p o r t  t o  th e  r e s u l t s  o f  m ag n e tic  s tu d i e s  as  i s  
shown b e lo w . In  a d d i t i o n ,  th e  i s o l a t i o n  o f  o p t i c a l  iso m e rs  was ta k e n  as  
e v id e n c e  f o r  th e  p re s e n c e  o f  c o v a le n t  b o n d s.* -4 F o r  exam ple , Jo h n so n  
p o in te d  o u t  t h a t  a l l  a t te m p ts  by h im se lf* -4 ,  and o t h e r  w o rk e rs4 3 , t o  r e ­
s o lv e  th e  o x a la to  com plexes  o f  F e ( I I I )  and M n (I I I )  had f a i l e d .  However, 
th e  c o r r e s p o n d in g  C o ( I I I )  and R h ( I I I )  compounds had been  r e s o l v e d .  As 
s u c c e s s  had o n ly  been  a c h ie v e d  w ith  th e  c o v a le n t  members o f  t h i s  g ro u p , 
th e  c o n c lu s io n  was draw n t h a t  th e  io n ic  bonds p r e s e n t  in  th e  F e ( I I I )  and 
M n (I I I )  compounds c o u ld  a llo w  r a p id  r a c e m is a t io n .  E xchange d a ta  w ere in  
ag reem en t w i th  t h i s  c o n c lu s io n .  Thus r a d i o a c t i v e  o x a la te  io n  exchanged  
r a p id ly  w i th  F e ( I I I ) 45 b u t n o t w i th  C o ( I I I ) . 46
Taube*-7 rev ie w e d  th e  p o s i t i o n  o f  in n e r  and o u te r  o r b i t a l  com­
p le x e s  i n  r e l a t i o n  t o  t h e i r  r e a c t i v i t y  and d e g re e  o f  c o v a le n t  b in d in g .
He c l a s s i f i e d  as l a b i l e  th o s e  com plexes t h a t  c o u ld  u ndergo  s u b s t i t u t i o n  
r e a c t i o n s  r a p id ly  and i n e r t  th o s e  t h a t  c o u ld  n o t .  I t  was n o t p o s s ib l e  
t o  draw  a s h a rp  d i s t i n c t i o n  be tw een  th e s e  d i f f e r e n t  r a t e  t y p e s .  He used  
th e  o r d in a r y  l a b o r a to r y  c o n d i t io n s  o f  te m p e ra tu re  and c o n c e n t r a t io n  when 
s e l e c t i n g  e x a m p les ; t h a t  i s  25°C and 0.1M r e a c t a n t s .  I t  was found  t h a t  
in n e r  and o u te r  o r b i t a l  bonds c o u ld  be f u r t h e r  s u b d iv id e d  on  th e  b a s i s  o f  
r a t e  b e h a v io u r .  Thus th e  c l a s s e s  w ere in n e r  o r b i t a l  l a b i l e ,  in n e r
9o r b i t a l  i n e r t ,  o u t e r  o r b i t a l  l a b i l e ,  and o u t e r  o r b i t a l  i n e r t #  T h ere
was a s h a rp  d i s t i n c t i o n  i n  r a t e  b e h a v io u r  be tw een  th e  in n e r  o r b i t a l  l a b i l e
and th e  in n e r  o r b i t a l  i n e r t  members# T h is  c o in c id e d  w i th  th e  f i l l i n g  o f
3
a l l  d o r b i t a l s  by an  e l e c t r o n  in  e a c h  and o c c u r r e d  a t  th e  d c o n f i g u r a t io n ,
e .g #
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Thus f o r  c o n f i g u r a t io n s  d , d and d t h e r e  i s  a  v a c a n t  and unused  d 
o r b i t a l #  T h is  i s  o c c u p ie d  i n  d 3 sy s tem s#  F o r  exam ple , s i x  c o o r d in a te  
com p lexes o f  V ( I I I )  u n d e rg o  s u b s t i t u t i o n  r e a c t i o n s  r a p id ly  w h ile  th o s e  
o f  C r ( I I I )  do n o t#  The r a t e  b e h a v io u r  o f  VCI I I )  makes i t  a  l a b i l e  com plex , 
w h ile  t h a t  o f  C r ( I I I )  l e a d s  t o  th e  c l a s s i f i c a t i o n  i n e r t #  I t  c a n  be s e e n  
from  t h e i r  e l e c t r o n i c  s t r u c t u r e s  t h a t  VC I I I )  h a s  a  v a c a n t d o r b i t a l  w h ich  
i s  o c c u p ie d  in  C r C I I I ) »
vein) ooooo o ooo
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Taube showed t h a t  th o u g h  t h e r e  was a d i s t i n c t  change in  l a b i l i t y  
a t  t h i s  p o in t  t h e r e  a p p e a re d  t o  be no e v id e n c e  to  s u p p o r t  an a b ru p t  change 
in  th e  d e g re e  o f  c o v a le n t  c h a r a c t e r  p r e s e n t .  The aquo io n s  o f  A 1 C I I I ) ,
10
V ( I I I ) ,  C r ( I I I ) ,  F e C lI I ) ,  and G a (I I I )  had a c id  d i s s o c ia t io n  c o n s ta n ts  
w hich showed no e x c e p t io n a l  in te r a c t io n  fo r  C r ( I I I ) ,  y e t  t h i s  would be 
e x p e c te d  i f  th e  bonding p r e sen t were more c o v a le n t*  The reason  f o r  th e  
d i f f e r e n t  r a te s  o f  r e a c t io n  must l i e  e lsew h ere  th an  in  th e  bond s tr e n g th .
Taube su g g ested  th a t  th e  vacan t d o r b i t a l  p r e sen t in  th e  l a b i l e  
members o f  th e  in n er o r b i t a l  c l a s s  cou ld  a lso  be th e  e x p la n a tio n  f o r  t h e ir  
rap id  r e a c t io n s *  I t  cou ld  be a v a i la b le  fo r  fu r th e r  bonding to  g iv e  a 
sev en  c o o r d in a te  r e a c t io n  in te r m e d ia te . A s im ila r  mechanism would not be 
r e a d ily  a v a i la b le  i f  th e  d o r b i t a l s  concerned  were f i l l e d *  For th e  conv- 
p le x e s  c l a s s i f i e d  as ’’outer*' o r b i t a l  l a b i l e  or ’’o u te r ” o r b i t a l  in e r t ,  
th e r e  was a more grad u a l change in  r e a c t iv i t y  from one ty p e  to  th e  o th er*
I t  was noted  th a t  a d ecrea sed  l a b i l i t y  fo r  an i s o e le c t r o n ic  s e r i e s  o f  
s im ila r  com plexes accompanied an in c r e a se d  charge on th e  m e ta l. T h is  
o b s e r v a t io n  was a t tr ib u te d  in  p art to  an in c re a se d  c o v a le n t  c h a r a c te r  in  
th e  bonding* A gain , when a m etal formed both  in n er  and o u te r  o r b i t a l  
com plexes i t  was in v a r ia b ly  found th a t  th e  o u te r  ty p e s  were l a b i l e  and th e  
in n er  on es in e r t*
The v a lu e  o f  Taube*s work la y  in  th e  a t t e n t io n  i t  fo c u sse d  on  
th e  e le c t r o n ic  nature o f  th e  m e ta l. A r e c e n t approach w hich can account 
fo r  th e  k in e t ic  b ehaviour o f  a t r a n s i t io n  m eta l ion  in  term s o f  th e  number 
o f  d e le c t r o n s  a v a i la b le  i s  g iv e n  by th e  lig a n d  f i e l d  th eo ry  ( s e e  f o o t n o t e ) .
The ligan d  f i e l d  th eo ry  o r ig in a te d  by B ethe2? c a lc u la t e s  th e  
e f f e c t  o f  th e  e l e c t r i c  f i e l d s  o f  th e  l ig a n d s  on th e  d o r b i t a l s  o f  th e  
m e ta l. In th e  f i e l d —f r e e  m eta l io n  th e  f i v e  d o r b i t a l s  have th e  same 
e n e r g y . T h is  d egen eracy  can  be removed by th e  approach o f  th e  lig a n d s
N .B . The term  lig a n d  f i e l d  w i l l  be p r e fe r r e d  to  c r y s t a l  f i e l d .  I t s  
meaning i s  l e s s  r e s t r i c t e d  and in c lu d e s  e le c t r o n  d e lo c a l i s a t io n  
phenomena.
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a lon g  th e  x , y and z a x e s .  Thus in  an o c ta h e d r a l com plex th e  dz 2 and 
d.^2 y2 o r b i t a l s  p o in t tow ards th e  l ig a n d s  and are th e r e fo r e  h ig h er  in  
energy compared to  th e  rem aining d^y, dxz* and dyz o rb i t a l s .  The s p l i t t i n g  
by th e  lig a n d  f i e l d  i s  commonly r e p r ese n te d  as fo l lo w s  fo r  a sym m etrica l 
o c ta h e d r a l com plex!
10Dq
Each h o r iz o n ta l  l in e  r e p r e s e n ts  a d o r b i t a l .  The h ig h er  energy Eg s e t
c o n s is t  o f  th e  dx2- y 2 and dz 2 o r b i t a l s  w h ile  th e  low er energy T2g s e t  are
th e  th r e e  d ^  typ e  o r b i t a l s .  The energy s e p a r a tio n  between th e  l e v e l s
shown i s  g iv e n  th e  v a lu e  10 Dq,
Dq i s  a param eter which may som etim es be c a lc u la t e d .  I t  may
a ls o  be o b ta in ed  e x p e r im e n ta lly  from th e  a b so r p tio n  spectrum  u s in g  a
c r y s t a l  o r  s o lu t io n  o f  th e  com p lex . I t s  m agnitude depends upon th e  f i e l d
o f  th e  l ig a n d  and th e  natu re  o f  th e  c e n t r a l  m eta l io n .  F u rth er , a
d i f f e r e n t  geom etry o f  th e  l ig a n d s  produces a d i f f e r e n t  s p l i t t i n g  o f  th e
190d l e v e l s  to  th a t  shown above, w ith  a d i f f e r e n t  v a lu e  fo r  Dq. w When 
th e  common l ig a n d s  are arranged in  o rd er  o f  t h e ir  Dq v a lu e s  in  r e g u la r  
o c ta h e d r a l com p lexes, th e  ord er  i s  found to  be alm ost th e  same fo r  
d if f e r e n t  m eta l i o n s .  T h is  i s  known as th e  sp e c tr o c h e m ic a l s e r i e s  and 
p roves u s e f u l  in  r e la t in g  th e  b ehaviour o f  d i f f e r e n t  com plexes«
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By f i l l i n g  th e  o r b i t a l s  o f  low er energy f i r s t ,  a com plex can  be 
made more s ta b le  compared t o  th e  c a se  o f  random o ccu p a tio n  o f  th e  
o r b i t a l s *  The energy ga in ed  i s  known as th e  lig a n d  f i e l d  s t a b i l i s a t i o n  
energy  ( L .F .S J S .) ,  For exam ple, in  a m eta l io n  w ith  o n ly  one d e le c t r o n  
th e  T2g l e v e l  i s  occu p ied  and an energy g a in  o f  4Dq would r e s u l t  fo r  an 
o c ta h e d r a l com plex# S im ila r ly ,  th r e e  d e le c t r o n s  in  th e  T2g l e v e l  would 
g a in  12 Dq o f  L .F .S .E .«
When th e r e  are more than th r e e  e le c t r o n s  to  be accommodated 
th e  p o s i t io n s  occu p ied  depend on th e  amount o f  s p l i t t i n g ,  th a t  i s ,  on Dq# 
I f  th e  f i e l d  i s  weak th e  e le c t r o n  would f in d  i t  e a s ie r  to  occupy th e  Eg 
l e v e l  and keep a l l  e le c t r o n  sp in s  p a r a l l e l  so  th a t  th e  c o n f ig u r a t io n  i s  o f  
th e  h ig h -s p in  typ e#  When th e  lig a n d  f i e l d  i s  s tr o n g  th e  e le c tr o n  f in d s  
i t  e a s ie r  to  p a ir  in  th e  T2g l e v e l  in  s p i t e  o f  th e  e le c t r o n  r e p u ls io n #  
Thus th e  m agnetic moment i s  reduced and a low—sp in  com plex r e s u l t s #  For
O
exam ple, th e  F e(F )g  “ io n  i s  a h igh—s p in  com plex and th e  f i v e  d e le c tr o n s  
each  occupy one o r b i t a l#  When th e  F" i s  rep la c e d  by th e  s tr o n g e r  CN- 
f i e l d ,  th e  param agnetism  o f  th e  f i r s t  su b stan ce  i s  g r e a t ly  red u ced . T h is  
may be shown d ia g ra m m a tica lly  thus#
5 u n p a ired  s p in s 1 unpaired  sp in
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The L .F .S .E .  o f  CFe(F)gI3 is  zero  as th e  m e ta l io n  has a l l  le v e ls  
e q u a lly  o c c u p ie d . In  CFeCCN)^! “* th e  L .F .S .E .  is  ap p ro x im ate ly  5x4=20 Dq 
minus th e  energy re q u ire d  to  p a i r  th e  e le c t r o n s .  I t  is  in te r e s t in g  to  
c o n s id e r a s e r ie s  o f  r e g u la r  o c ta h e d ra l complexes o f  th e  same m e ta l w ith  
d i f f e r e n t  l ig a n d s . As each se t o f  lig a n d s  is  re p la c e d  by a se t o f g re a te r  
f i e l d  s tre n g th , th en  th e  s e p a ra tio n  o f  theT2g  and Eg le v e ls  is  increased«  
Though th e  magnetism changes a b ru p tly  i t  does not mean a d isco n tin u o u s  
change in  bond ty p e . '1'6 * 3~
Taube*s su g g estio n  o f a seven c o o rd in a te d  in te rm e d ia te  to
16e x p la in  th e  l a b i l i t y  o f  in n e r  o r b i t a l  complexes has been t re a te d  by O rg e l 
u s in g  th e  lig a n d  f i e l d  th e o ry . Thus th e  T2g o r b i t a ls  are s p l i t  in to  
d i f f e r e n t  energy le v e ls  by th e  approach o f th e  l ig a n d , and th a t  o r b i t a l  
in  the  d ir e c t io n  o f approach would become th e  le a s t  s ta b le *  I t  is  o n ly  
in  th e  in s ta n c e s  o f  0 ,1 ,  and 2 d e le c tro n s  th a t  th e re  is  s t i l l  an empty 
T2g o r b i t a l ,  thus making i t  p o s s ib le  f o r  re a c t io n  to  occur w ith o u t a l t e r in g  
th e  s p in  m u l t ip l i c i t y  o f  th e  ground s t a t e .  I f  th e re  is  ano ther T2g e le c t ro n  
p re s e n t, th e n  th e  f i e l d  o f th e  approaching group w i l l  r e s u lt  in  re a rra n g e ­
ment o f  th e  e le c t r o n s .  Hence, more energy o f a c t iv a t io n  w i l l  be re q u ire d  
r e s u lt in g  in  a decrease in  l a b i l i t y  compared w ith  th e  0 ,1  and 2 e le c t r o n  
c a s e s .
The id e a  o f  a lig a n d  f i e l d  c o n tr ib u t io n  to  th e  a c t iv a t io n  
energy has been developed by s e v e ra l w o rk e rs .35» 36 By making some 
ap p ro x im atio n s  i t  was p o s s ib le  to  c a lc u la te  th e  L .F .S .E .  lo ss  (ÄEa) in  
going from  re a c ta n ts  to  t r a n s i t io n  s t a t e .  In  both  s tro n g  and weak f i e l d  
cases th e re  were found to  be good c o r r e la t io n s  between p re d ic te d  and 
observed r e la t i v e  r a t e s .  Thus a com plex would be expected  to  re a c t f a s t e r
3—
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than a similar complex involving the same or a different central metal, 
if its value of A Ea was smallest. Values for Ea are given in refer­
ence 35 for electronic configurations with from 0-10 d electrons. Both 
dissociation and displacement mechanisms are included and the effects of 
solvent are ignored. In making predictions it is, of course, necessary 
to note that the absolute rate of any reaction depends upon the entropy 
as well as the energy of activation. Thus ligand field predictions of 
relative rates will be satisfactory only when the corresponding entropy 
terms are also considered.
A recent example of the success of ligand field predictions
for reaction rates was given by Ellis and Wilkins.202 They considered
2+the dissociation of complexes of the type ÜMCphen)^] and assumed that 
the transition states were similar and approximated to a square pyramid 
geometry. The observed activation energies were then compared with the 
ligand field contributions present, e.g.
M2* Ea ÄEa(Dq)
Fe 32.1 4
Co 20.6 0
Ni 25.2 2
Cu - f ast -
The value of Dq for bivalent transition metal ions is about 3.0 
kcal mole""^ and for Ni(II) is 3.5 kcal mole"*^. It can be seen from the 
above table that the differences in the Ea*s agree fairly well with the 
Dq differences. A similar calculation of A Ea for other transition 
states (e.g. a trigonal bipyramid) did not give agreement with the ob­
served activation energy differences.
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CHAPTER TWO
2 .0  RACEMISATION IN METAL COMPLEXES .
The p r o c e ss  o f  r a c e m isa t io n  in v o lv e s  th e  in te r c o n v e r s io n  o f  
enantiom orphs, th a t  i s ,  in v e r s io n  o f  c o n f ig u r a t io n *  I t  may be brought 
about by v a r io u s  a g en ts  such as h e a t , l i g h t ,  d i s s o lu t io n  and ch em ica l 
r e a c t io n .  For exam ple, l -C N i(b ip y >^3(CIO^)^ i s  s ta b le  in  th e  s o l i d
s t a t e  f o r  many months but racera ises r a p id ly  in  s o lu t io n ;  1 -  m andelic
198a c id  r a c em ises  r e a d ily  as a consequence o f  e n o l i s a t io n .
A s o lu t io n  c o n s is t in g  o f  100 p ercen t o f  d ex tro  m a te r ia l w i l l  have 
racem ised  when 50 p ercen t o f  t h i s  has in v e r te d  i t s  c o n f ig u r a t io n .
C le a r ly  r a c e m isa t io n  o c c u r s  in  h a lf  th e  tim e req u ired  fo r  com p lete  in^- 
v e r s io n  so  th a t  th e  r a te  o f  r a c e m isa t io n  i s  tw ic e  th e  r a te  o f  in v e r s io n .  
For in v e r s io n  o f  an enantiom orph to  ta k e  p la c e  i t  i s  o b v io u s th a t  i t  must 
p a ss  through a sym m etrica l c o n f ig u r a t io n , from w hich i t  i s  th e n  p o s s ib le  
fo r  e i t h e r  th e  d ex tro  o r  le v o  v a r ie t y  to  form w ith  eq u a l p r o b a b i l i t y .  A 
sym m etrica l in te r m ed ia te  c o n f ig u r a t io n  i s  th e  b a s ic  requirem ent in  any 
mechanism p o s tu la te d  to  account fo r  r a c e m is a t io n . For in s ta n c e , th e
I I
r a c e m isa t io n  o f  th e  s u b s t i t u t e d  b ip h en y l 2 , 2 -d ia m in o  6 , 6 - b ip h en y l has
1 QQ
been s tu d ie d  by K istiak ow sk y  and Sm ith and th e  o p t ic a l  a c t i v i t y  
arose  from th e  r e s t r ic t e d  r o ta t io n  about th e  bond j o in in g  th e  benzene  
r in g s ,  w hich  p reven ted  t h e ir  c o p la n a r it y .  In s o lu t io n  or  in  th e  vapour 
s t a t e  th e  sym m etrica l in te r m ed ia te  hav ing  th e  r in g s  co p la n a r  was b e lie v e d  
to  be form ed, and t h i s  c o u ld  r e v e r t  t o  e i t h e r  enantiom orph w ith  eq u a l
chance
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The s tu d y  o f  m echanism s o f  r a c e m is a t io n  in  o c ta h e d r a l  com plexes 
c o n s t i t u t e s  a m ajo r p o r t i o n  o f  t h i s  w ork and a somewhat d e t a i l e d  ac co u n t 
o f  th e  h i s t o r y  o f  t h i s  b ra n c h  o f  c o o r d in a t io n  c h e m is try  i s  r e l e v a n t .  In  
a l a t e r  c h a p te r  an e x a m in a t io n  o f  th e  l i t e r a t u r e  on  th e  r a c e m is a t io n  o f  
p h e n a n th r o l in e  and b ip y r id in e  com plexes o f  n i c k e l ( I I ) ,  and th e  r e l a t e d  
i r o n ( I I I )  and i r o n ( I I )  com plexes w i l l  be g iv e n .
M echanism s o f  r a c e m is a t io n  in  o c ta h e d r a l  com p lexes a re  c o n ­
v e n ie n t ly  d iv id e d  i n to  two c a t e g o r i e s .  E i t h e r  th e y  do n o t r e q u i r e  any 
n e t  l o s s  o f  l ig a n d ,  i n  w h ich  c a se  th e y  a re  te rm ed  in t r a m o le c u la r ,  o r  
th e y  do r e q u i r e  n e t  l o s s  o f  l ig a n d ,  i n  w h ich  c a s e  th e y  a re  known as  
in te r m o le c u la r  m echan ism s. I n te r r a o le c u la r  m echanism s a re  r e a d i l y  
d i s t i n g u i s h e d  from  th e  in t r a m o le c u la r  v a r i e t i e s  by e x p e r im e n ts  w h ich  
m easu re  th e  r a t e  o f  l ig a n d  e x c h a n g e . I f  th e  r a t e  o f  exchange  i s  i d e n t i c a l  
w i th  th e  r a t e  o f  r a c e m is a t io n  th e n  i t  i s  c o n c lu d e d  t h a t  l o s s  i n  o p t i c a l  
a c t i v i t y  accom pan ies th e  exchange  o f  l i g a n d .  D i s s o c i a t i o n  s tu d i e s  may 
y i e l d  th e  same in f o r m a t io n .  On th e  o t h e r  hand when r a c e m is a t io n  p ro c e e d s  
much f a s t e r  th a n  l o s s  o f  l ig a n d  an in t r a m o le c u la r  m echanism  m ust be 
p r e s e n t .  F i n a l l y ,  when r a c e m is a t io n  i s  s lo w e r  th a n  th e  r a t e  o f  l ig a n d
■j*
e x c h an g e , e . g ,  tC o ( e n ) 0C l 3 io n  i n  w a te r  (v id e  i n f r a ) ,  th e n  o b v io u s ly  
th e  a c t  o f  d i s s o c i a t i o n  d o es  n o t le a d  d i r e c t l y  t o  r a c e m is a t io n .  The 
s tu d y  o f  th e  r a c e m is a t io n  h e re  r e q u i r e s  more d e t a i l e d  in fo r m a t io n  abou t 
th e  d i s s o c i a t i o n  p r o d u c ts  a s  t h e r e  a re  a t  l e a s t  two s p e c ie s  c o n t r i b u t i n g  
to  th e  o p t i c a l  r o t a t i o n .
2 .1  INTRAMOLECULAR MECHANISMS.
The e a r l i e s t  e x p la n a t io n  to  a c c o u n t f o r  an o b se rv e d  r a c e m is a t io n
was p ro v id e d  by A lf re d  W erner0 who s u g g e s te d  t h a t  th e  o p t i c a l  a c t i v i t y  o f
3—th e  kCr(ox)g3 io n  m ig h t be l o s t  a s  a  r e s u l t  o f  th e  b re a k in g  o f  a t  l e a s t
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*
one metal-oxygen bond to give a symmetrical trigonal bipyramid inter­
mediate Cl), e.g.
42An extension of Werner's proposal was made by Bushra and Johnson who 
thought that the opening of two chelate rings was necessary« They 
pointed out that the ion ECo(en)g3 did not raceraise while CCo(ox)g3 
did and therefore the ethylenediaraine rings did not open as readily as 
oxalate rings. It was expected that the ECoCen^Cox)!!* ion should 
racemise by the opening of the oxalate ring if Werner's mechanism was 
correct, but they could not verify this since decomposition accompanied 
loss of activity. However, they reported that the similar ECrCenXox)^”
3—ion raceraised with the same activation energy as ECrCox)^ and proposed 
that the opening of two oxalate rings, in the following manner, could 
account for racemisation.
*A trigonal bipyramid intermediate has recently been suggested as a likely 
mechanism for the raceraisation of the cis ECrCox^ C ^ O ) ^ “ ion.2*1
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The m echanism s o f  r a c e m is a t io n  o f  t h e  io n s  CCoCox)^!! “  and
Q
£C r(ox )g3  ~ c a n  be c o n c lu s iv e ly  l a b e l l e d  as  in t r a m o le c u la r  fo l lo w in g
th e  r e s u l t s  o f  exchange  s t u d i e s  c a r r i e d  o u t by Long. * F o r  b o th
co m p lex es  t h e r e  was no exchange  o f  o x a la t e  i n  a  tim e  s u f f i c i e n t  f o r  a
r a c e m is a t io n  h a l f - l i f e .  S u b seq u en t e x p e r im e n ts  on  th e  r a t e  o f  oxygen
3—*ex ch an g e  i n  th e  £ C r(o x )^ l  io n  d e m o n s tra te d  t h a t  a l l  tw e lv e  o f  th e
47ox y g en s w ere r e p l a c e a b l e .  S in c e  th e  o x a la te  i t s e l f  was exchanged  
much more s lo w ly  th a n  th e  oxygen  a to m s, i t  was c o n c lu d e d  t h a t  th e  c h e la te  
r in g s  opened  and c lo s e d  many t im e s  b e fo re  c o m p le te  o x a la te  exchange to o k  
p l a c e .  As th e  r i n g s  have been  shown t o  open , t h e n  b o th  th e  m echanism s o f  
W erner and o f  B u sh ra  and Jo h n so n  c o u ld  p ro d u ce  some o f  th e  l o s s  in  
a c t i v i t y .  I t  was n o t p o s s ib l e  t o  a c c o u n t c o m p le te ly  f o r  t h e  o b se rv e d  
r a c e m is a t io n  by th e s e  m echanism s a s  th e  r a t e  o f  r a c e m is a t io n  was much 
f a s t e r  t h a n  t h a t  o f  oxygen  e x c h a n g e ,
5 '
An e ig h t  c o v a le n t  in te r m e d ia te  h as  been  s u g g e s te d  by C h aro n n e t 
a s  a  f u r t h e r  p o s s i b i l i t y  w h ich  w ould be sy m m e tr ic a l and so p ro v id e  a 
r a c e m is a t io n  p a th .  S o lv e n t  m o le c u le s  c o u ld  a t t a c h  th e m s e lv e s  in  th e  
f o l lo w in g  way:
The f a c t  t h a t  an h y d ro u s  K gC C rC ox)^ t a k e s  m onths t o  ra c e ra ise  b u t a c t i v i t y  
i s  l o s t  i n  s e v e r a l  h o u rs  i f  th e  d ih y d r a te  i s  u s e d ^  h as  been  e x p la in e d
in  t h i s  way
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Two o th e r  exam ples o f  in tr a m o le c u la r  mechanisms sim ply in v o lv e
a t w is t in g  o f  th e  m eta l l ig a n d  bonds u n t i l  a sym m etrica l s tr u c tu r e
48r e s u l t s .  For exam ple, Ray and D utt cou ld  f in d  no e v id en ce  o f  d e -
3+co m p o sit io n  during  th e  r a c era isa tio n  o f  th e  kCo(bigH) □ io n .  They d id
O
n o t , t h e r e f o r e ,  favou r a mechanism in  w hich two bonds were broken because  
th e  b reak ing  o f  bonds would in tro d u ce  th e  p o s s i b i l i t y  o f  d e c o m p o sit io n . 
They p ic tu r e d  th e  in te r m ed ia te  CIV) below  formed as a r e s u l t  o f  th e  
movement o f  two l ig a n d s  in  o p p o s ite  d ir e c t io n s  through  45° in  th e  p lan e  
o f  th e  b on d s•
I
Some support fo r  t h e ir  mechanism came from in fr a r e d  m easurem ents 
w hich showed th a t  i t  was l e s s  d i f f i c u l t  to  bend a bond th an  to  s t r e t c h  
o n e ,200* 201 Bond s t r e t c h in g  was th e  n a tu r a l p re lim in a ry  to  d i s s o c i a t i o n .  
The very  low v a lu e  o f  th e  freq u en cy  f a c t o r  ( lo g  A 4 ,1 6  s e c “ 1 ) was 
in te r p r e te d  as a r is in g  from th e  in c r e a s e  in  ord er  req u ired  in  form ing  
s tr u c tu r e  ( I V ) ,
F in a l ly  Gehman54, S e id en 55 , and B a i la r 56 , have in d ep en d en tly  
proposed th e  same mechanism th a t  can  account f o r  both  in tr a m o le c u la r  
r a c e m isa t io n  and is o m e r is a t io n .  I t  was s im ila r  to  Ray and D u t t s ’ in  th a t  
bond bending was r e q u ir e d . In th e  fo l lo w in g  diagram th e  p lan e acb i s  
f ix e d  w h ile  th e  p a r a l l e l  p lan e  d e f i s  turned  through  60 d e g r e e s , c lo c k w is e ,  
to  produce a t r ig o n a l  prism  ( V) .  T h is  i s  sym m etrica l fo r  a t r i s  b id e n ta te  
com plex and cou ld  lea d  to  r a c e m is a t io n .
V2 0 .
2 .2  INTERMOLECULAR MECHANISMS.
R acem isa tion  a tten d ed  by com p lete  d i s s o c i a t i o n  o f  a lig a n d  
43 44was su g g ested  by Thomas and R id ea l and Thomas to  e x p la in  th e  l o s s
3—in  o p t ic a l  r o ta t io n  o f  th e  CCrCox)^ ~* io n .  Loss o f  an o x a la te  in  th e  
fo llo w in g  manner c o u ld  form a p lan ar  b is  com p lex . Being sym m etr ica l, 
reattachm ent o f  th e  o x a la te  r e s u lt e d  in  e i t h e r  th e  d or  1 product w ith  
eq u a l p r o b a b i l i t y .  In t h i s  example th e  mechanism i s  now known to  be 
in tr a m o le c u la r .45
21
2+ 2+The racemisation of the ions CNi(phen)g3 and CNiCbipy)^ 
has been shown to occur by an intemolecular process* The rates of 
racemisation and dissociation62»63 are identical within the experiment-
Qal errors* The rates of dissociation were obtained using exchange0 
and spectrophotometric63 techniques* The last mentioned method was 
made possible by the red colour of the tris materials. By working in 
acid solution the tris complexes may be made to dissociate and the 
dissociation products were of a different colour to the starting 
material* It was noted that the presence of excess ligand in an 
aqueous solution of the complexes did not affect the racemisation rate. 
Thus the products of dissociation were no longer optically active, 
otherwise re-formation of the active tris complex would be evident.
e.g* CNiCphen^CH^O)^2** phen -— ^ kNiCphen)^2** 2 ^ 0  
It was concluded that racemisation occurred by loss of ligand to give 
a bis complex which either racemised rapidly or was already inactive.
It could racemise either by further rapid dissociation or by an 
intramolecular mechanism.
Brown and Ingold64 found that the rate of chloride exchange
+
in a raethanolic solution of optically active cis ElCoCen^Cl^^ ion was 
the same as the rate of racemisation. They interpreted the mechanism 
as loss of one chloride ligand and simultaneous formation of an 
optically inactive product. The possible steric course was suggested 
as follows, the racemisation being accompanied by partial cis-trans
isomerisation
22
Both (a) and (b) in the diagram have the required symmetrical 
structure necessary for racemisation to occur* When the chloride ion 
reattached it was found that most of the product had the trans con­
figuration, In the presence of other ions (eg.CNS , Br ) in methanol, 
the rate of racemisation of CCoCen^C^J* was unaffected, although the 
product was now CCo(en>2Cl X3+ where X = CNS ,Br • This observation 
supported the mechanism depicted, namely a slow and rate determining 
loss of a chloride ion during which racemisation occurred. By contrast, 
the same ion in water did not racemise by loss of a chloride ion.
23.
Instead the replacement of the chloride by water produced an
2+optically active ion, cis LCo(en)2ClH2CO viz:
Thus raceraisation need not necessarily follow upon loss of a ligand.
2+The active cis tCoCen^Cl^OG ion formed in the above manner
racemised much more slowly than the rate at which the remaining
68Cl ion was exchanged . The formation of a similar trigonal
-J.bipyraraid intermediate (a) as was proposed for the CCoCen^C^J ion 
in methanol has been suggested to explain the racemisation. It was 
thought to be formed by loss of a water molecule. More recent studies 
on the aquation of CCoCen^Clrj^ reveal that most of the raceraisation 
could be accounted for by isomerisation, e.g.:
Cl
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The fo rm a tio n  o f a t r ig o n a l  b ipyram id  by lo ss  o f  w a te r from  th e  
c is -c h lo ra q u o  com plex enab les  e i t h e r  th e  c is  o r  tra n s  ch loroaquo io n  
to  be o b ta in e d . The r e s u lts  o f w a te r  exchange s tu d ie s  are  aw aited  to  
check t h is  mechanism. Thus, i f  w a te r  exchange w ith  the  t r ig o n a l
70b ip yram id  in te rm e d ia te  occurs i t  must exceed th e  ra te  o f  ra c e m is a tio n
because some ac ts  o f  exchange re g e n e ra te  th e  o r ig in a l  c is  c o n f ig u ra t io n
and do not produce ra c e m is a tio n . In  th e  r e la te d  c is  CCo(en>2C l X3 + io n
th e  presence o f v a r io u s  lig a n d s  (X  = N0” 2 CNS”  and NHg) produced
s u c c e s s iv e ly  s low er r a te s  o f  ra c e m is a tio n . Upon a d d it io n  to  w a te r
th e re  was a t f i r s t  a change in  o p t ic a l  r o ta t io n  to  th a t  o f  th e  aquo
2+
ions LCoCen^K^O.X] • These th e n  racem ised a t ra te s  w hich decreased
in  th e  fo llo w in g  o rd e r  N0” ^'/CNS” >  NH^. A s im i la r  mechanism o f
ra c e m is a tio n  in  w hich th e  w a te r  was exchanged through  a t r ig o n a l
b ipyram id  in te rm e d ia te  re q u ire d  th a t  ra c e m is a tio n  proceed w ith  g re a te r
3+
r e te n t io n  o f c o n f ig u ra t io n  f o r  th e  CCoCen^I^O.NH-j] th a n  f o r  th e
_ _ + 
kC oC en^I^O  NO ^3 io n .
70Basolo in te r p r e te d  th e  o rd e r o f  ra c e m is a tio n  ra te s  observed  
in  term s o f p i  bonding o f th e  p -d  ty p e .  Thus th e  C l”  io n  had f i l l e d  
p o r b i t a ls  w hich were capab le  o f d o n a tin g  e le c tro n s  to  th e  c o b a lt .  
T h is  should fa v o u r rearrangem ent as i t  lead s  to  a s t a b i l i s a t io n  o f  th e  
t r ig o n a l  b ipyram id  in te rm e d ia te  by com parison w ith  th e  n o n -p i bonding  
l ig a n d s .
The ra c e m is a tio n  o f  th e  ELCrCen)^ io n  has been accounted
f o r  by a d ir e c t  in tra m o le c u la r  lo s s  in  a c t i v i t y  to g e th e r  w ith  d is s o c ia -
3+
t io n  to  th e  a c t iv e  c is  £ C r (e n )2 (H20>23 io n  w hich subsequently
racem is ed . The a q u a tio n  r e a c t io n  had an a c t iv a t io n  energy o f  2 4 .6  k c a l
223as measured s p e c tro p h o to m e tr ic a lly  , compared w ith  2 4 .3 0  k c a l o b ta in -
222
ed from  th e  i n i t i a l  m u ta ro ta t io n  o b served .
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2,3 THE EFFECTS OF SPECIFIC IONS ON RACEMISATION RATES.
Various added ions may affect the rates of racemisation of 
metal complexes but the nature of the role played has not always been 
easy to interpret. It is convenient to list the complex ions concerned 
and each will be discussed in turn:
2,31 3_E£r(ox)g3
2.32 CCoCbigH)^
2.33 CNiCphen)^]
2,34 UTeCphen)^
2.35
3-
□TeCphen)^
3+
2+
2+
3+
i2 +  
12+ 
13+
The effects of a considerable number of added ions on the
91racemisation of this complex have been studied by Beese and Johnson,
A selection of their data is given in Table 2,31, All results are at a 
temperature of 18,2°C, Added ions have been grouped together, depend­
ing on the increase in rate constant they produce relative to that in 
water only. From Table 2,31 it appears that the gross effects are due
to the cation and not the anion
TABLE 2 .3 1
S o l u t  io n C o n c e n t r a t i o n k
HCl
( m o l e s / l i t r e )  
0 ,0 1
kH20
1 .2
BeS04 »» 1 .2
MgCl2 1 .5
C aC l2 i t 2 .7
S r(N 0 3 ) 2
%
I I 1 .6
B aC l2 •1 1 .7
MnCl2 i i 2 .4
Co (N 03 ) 2 I f 4 .1
N i(N 0 3 ) 2 i i 9 .1
CuS04 i i 14
ZnS04 i i 6 .8
CdS04 i i 2 .2
HgCl2 t i 1 .0
AgN03 0 .1 0 2 .2
t in o 3 I I 2 .1
AgN03 0 .5 0 5 .5
L i o r  KC1 i i 1 .3
K o r  (NH4 ) 2S04 t i 1 .5
KOH 0 .5 4 2 .8
HC1 0 .9 8 1 4 .3
( nh4 ) 2s o 4 1 .5 2 .4
f t 3 .8 4 .6
nh4 no3 1 0 .0 2 .1
K4 CFe(CN)63 0 .5 1 .6
C Z n (e n )3HS04 0 .0 1 3 .0
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I t  i s  now known t h a t  th e  r a c e r a i s a t io n  o f  th e  C C rC ox)^  io n  
in v o lv e s  an in t r a m o le c u la r  p r o c e s s  w i th  some bond b re a k in g  ( s e c t i o n  2 . 1 ) .  
C o n s e q u e n tly , some a t te m p ts  have been  made t o  r e l a t e  th e s e  io n  e f f e c t s  
w i th  th e  m echanism .
93B aso lo  and P e a rs o n  have s u g g e s te d  t h a t  th e  fo rm a tio n  o f  o u t e r
3—
sphere com plexes betw een th e  c a t io n s  and th e  a n io n ic  CjCr(ox)g3 cou ld
p ro d u ce  th e  in c r e a s e  i n  r a t e s »  F u r th e r ,  C a r t e r 94 h a s  n o ted  f o r  th e
b i v a l e n t  io n s  th e  p a r a l l e l  be tw een  a c c e l e r a te d  r a t e s  and th e  n a tu r a l
95o r d e r  o f  s t a b i l i t y .  T h e re  w ould seem to  be two ways in  w h ich  th e  
io n s  c o u ld  be a c t i n g .  F i r s t l y ,  by a t t a c h in g  to  th e  f r e e  end o f  a 
p a r t l y  d i s s o c i a t e d  o x a l a t e ,  th e y  c o u ld  f a c i l i t a t e  re a r ra n g e m e n t t o  a 
t r i g o n a l  b ip y ra m id  and so le a d  to  an  in c r e a s e d  r a c e m is a t io n  by t h a t  
p a th  ( s e e  b e lo w ) .
In  a d d i t io n ,  t h e i r  p re s e n c e  m igh t te n d  t o  w eaken th e  re m a in in g  
o x a la t e - m e ta l  bond and f a v o u r  r a c e m is a t io n  by an in te r m o le c u la r  
m echan ism .
2+ 2+
S e c o n d ly , io n s  su ch  as  Ni and Cu m igh t be e x p e c te d  to  
a t t a c h  th e m s e lv e s  to  th e  o x a la t e  l ig a n d  in  th e  fo l lo w in g  m an n er.
2 8 .
The n e t  r e s u l t  would be c o m p e t i t i o n  be tw een  th e  C r ( I I I )  and
N i ( I I )  f o r  t h e  o x a l a t e  l i g a n d  w i t h  a w eaken ing  o f  t h e  chrom ium -oxygen
b ond . The i n c r e a s e  i n  r a c e m i s a t i o n  r a t e  c o u ld  t h e n  be u n d e rs to o d  by
any o f  t h e  two ways j u s t  d e s c r i b e d .  I t  would be i n t e r e s t i n g  t o  know
t h e  e f f e c t s  o f  t h e s e  added io n s  on  th e  r a t e s  o f  l i g a n d  exchange  and
a l s o  t h e  r e l e v a n t  e n e r g i e s  and e n t r o p i e s  o f  a c t i v a t i o n .
I t  i s  p e r t i n e n t  h e re  t o  n o te  t h a t  s t r u c t u r e s  f o r  o x a l a t o  
204  2 0 3com plexes  o f  Z n ( I I ) ,  C d ( I I )  , and P b ( I I )  have been  p ro p o se d  i n  
w hich  t h e  o x a l a t e  g ro u p  b r id g e s  two m e ta l  i o n s ,  e . g . s
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2 .3 2  L C oC b igH )^3* .
A n io n s , a p a r t  from  OH” , had no e f f e c t  on  th e  r a c e m is a t io n  
48
r a t e  o f  t h i s  co m p lex . The e f f e c t  o f  OH was accom panied  by de­
c o m p o s i tio n  and s u g g e s ts  a b a se  h y d r o ly s i s  r e a c t i o n .
C a t io n s ,  p a r t i c u l a r l y  when h ig h ly  c h a rg e d , w ere found  to  
m arked ly  r e t a r d  th e  r a c e m is a t io n  and an e x p la n a t io n  based  on  io n  
a s s o c i a t i o n  betw een  c a t i o n s  becom es d i f f i c u l t .  The p o s s i b i l i t y  t h a t  
th e  a d d i t i o n a l  d o n o r n i t r o g e n s  on  th e  l ig a n d s  c o u ld  b in d  added m e ta l  
io n s  was n o t c o n s i s t e n t  w i th  th e  e f f e c t i v e n e s s  o f  l a r g e  com plex  io n s  
i n  r e t a r d i n g  th e  r a t e . 95
T here  was a p e c u l i a r  a c id  dependence  o b se rv e d  as  i s  s e e n  from  
48th e  r e s u l t s  o f  Ray and D u tt g iv e n  b e lo w .
S o lu t io n M olar k x 105
C oncn. ( in v e r s io n )
h2o - 2 4 .8  (= h a l f - l i f e  
o f  46 h r s )
HC1 0 .1 Decomposes
• I 0 .0 1 545
i t 0 .0 0 1 206
f t 0 .0 0 0 5 1 3 .7
I» 0 .0 0 0 2 5 4 .0 4
I t 0 .0 0 0 1 No change o v e r  
27 h r s .
f t 0 .0 0 0 0 7 1 6 .4
t l 0 .0 0 0 0 5 2 4 .6
I t  seem s p ro b a b le  t h a t  t h e r e a re  d i f f e r e n t  p r o to n a te d  form s
o f  Co(bigH >33+ p r e s e n t  a t  d i f f e r e n t  a c i d i t i e s ,  w h ich  c o u ld  p ro d u ce  
th e  o b se rv e d  b e h a v io u r .
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2 ,3 3  C N i(p h e n ) r J 2+ and C N K bipy ) c j 2 + .
High i o n i c  s t r e n g t h  = 7 , 5 )  was o b s e rv e d  t o  r e t a r d  t h e  
r a c e r a i s a t i o n  o f  t h e  C N iC p h e n )^ 24" i o n , 89*90 A lso  OH" io n  s l i g h t l y  
a c c e l e r a t e d  t h e  r a c e r a i s a t i o n .  Large  i o n s ,  on  th e  o t h e r  hand , r e t a r d e d  
th e  r a t e s .  F o r  exam p le ,  a L n a p h th a le n e  s u lp h o n a te  and bromocamphor- 
s u lp h o n a te  a t  c o n c e n t r a t i o n s  o f  2% w/ v h a lv e d  th e  r a t e  c o n s t a n t s  f o r  
r a c e r a i s a t  io n  ,*89
2+The L N iC b ip y )^  io n  was rauch more s e n s i t i v e  to  added io n s
and marked a c c e l e r a t i o n s  o f  t h e  r a t e  were o b s e rv e d  i n  t h e  p r e s e n c e  o f
OH", C1“ , and F " ,  w h i l e  NOg” and S04”’ had no e f f e c t .  In  c o n t r a s t  t o
t h e  C N iC phen )^  i o n  h ig h  i o n i c  s t r e n g t h  was w i th o u t  e f f e c t  b u t  a g a in
l a r g e  i o n s  r e t a r d e d  t h e  r a c e m i s a t i o n .  An a c c e l e r a t i o n  in  r a t e  i n  t h e
61p r e s e n c e  o f  n i c k e l ( I I )  c h l o r i d e  h a s  been  r e p o r t e d .  T h i s  c a n  be 
a t t r i b u t e d  t o  t h e  C l"  io n  as  i t  i s  known t h a t  n i c k e l ( I I )  ammonium 
s u lp h a t e  i s  w i th o u t  e f f e c t  u n d e r  s i m i l a r  c o n d i t i o n s  w h i le  C l"  io n  
a c c e l e r a t e s  th e  r a t e . 89
The a c t i v a t i o n  e n e rg y  and lo g  A f a c t o r s  i n  t h e  p r e s e n c e  o f  Cl' 
io n s  have been  m easu red  f o r  t h e  io n  S-NiCbipy)3.32 + . 112 The r e s u l t s  a re
t a b u l a t e d  below :
W ater NH^C1(3M)
E a ( k c a l )
* 1 2 4 .1 ,  2 1 .8  , 2 1 .9 2 2 .7
lo g  A ( s e c " 1 ) 1 4 .7 1 3 .8
A s *  c e . u . ) 6 . 8 ,  2 .7 2 .7
* r e f ,  63 t  r e f , 61
31
U n fo r tu n a te ly  no s ta te m e n t  c a n  be made r e g a r d in g  th e  manner
in  w h ich  th e  C l” io n  a f f e c t s  th e  r a c e m is a t io n  as th e  r e s u l t s  in  w a ter
90 112o n ly  are n ot c o n s i s t e n t #  D a v ie s  and Dwyer 1 have s u g g e s te d  th a t  
th e  i o n i c  en v iro n m en t a f f e c t s  th e  r a c e m is a t io n  by some m o d if ic a t io n  o f
th e  m e ta l l ig a n d  bonds*
2+ 2+
2*34 O FeC phen)^ and L F eC b ip y )^  .
E x cep t f o r  OH”" and la r g e  io n s ,  th e  r a c e m is a t io n  and
t
d i s s o c i a t i o n  o f  b o th  F e ( I I )  co m p lex e s  w ere r e l a t i v e l y  f r e e  from  p r o -
128
nounced io n  e f f e c t s .  The d i s s o c i a t i o n  d is p la y e d  a sm a ll r e ta r d a ­
t i o n  in  th e  p r e s e n c e  o f  a n io n s  o r  c a t io n s  a t  about 1M c o n c e n t r a t io n s ,  
th e  e f f e c t i v e n e s s  b e in g  in  th e  f o l lo w in g  o r d e r :
HSO4“ >  C l” ^  NO3" and H+ >  L i+ >  K+
The d im in u t io n  in  d i s s o c i a t i o n  r a t e  c o n s ta n t  was about 10%. I t  was 
n ot p o s s ib l e  t o  d e t e c t  any ch a n g es  o f  t h i s  o r d e r  o f  m agn itude in  th e  
r a c e m is a t io n  r a t e s  a s  th e  s o l u t io n s  w ere i n t e n s e l y  c o lo u r e d  and th e  
r o t a t i o n s  low# The io n  e f f e c t s  w ere th o u g h t t o  a r i s e  in  two w a y s : -
f o r  a n io n s  by t h e i r  n e g a t iv e  s h e a th  about th e  co m p lex , and f o r  c a t io n s
125by t h e i r  a l t e r a t i o n  in  th e  a c t i v i t y  o f  w a te r .
The a c c e l e r a t i o n  in  r a t e s  o f  r a c e m is a t io n  and d i s s o c i a t i o n  o f  
2+ 2+
th e  io n s  C F eC p h en ^  and C F e C b ip y ^  in  th e  p r e s e n c e  o f  OH“ io n s
was accom panied  by p r e c i p i t a t i o n .  An in t e r p r e t a t i o n  o f  th e  OH” io n
e f f e c t  on  th e  d i s s o c i a t i o n  o f  th e  C Fe(phen>3l3 ion" h as b een  g iv e n  in
128term s o f  e i t h e r  an SN^ o r  an SN-^  m echanism  .  In  th e  fo rm er , a t t a c k
by Ho0 o r  OH-  was th o u g h t to  g iv e  th e  f o l lo w in g  in t e r m e d ia te s  c o n -  £
t a i n i n g  a h a lf -b o n d e d  p h e n a n th r o l in e .
3 2 .
I n t e r m e d ia t e  ( b )  c o u ld  r e a d i l y  be d e r i v e d  from  ( a )  by p r o t o n  t r a n s f e r  
t o  an  OHT i o n .  R a c e m is a t io n  would f o l lo w  as  a r e s u l t  o f  t h e  
d i s s o c i a t i o n  o f  ( a )  o r  ( b ) .
The SNjl mechanism  in c lu d e d  t h e  same i n t e r m e d i a t e s  as  above*
In  t h i s  c a s e  ( a )  and (b )  were form ed by th e  r e a c t i o n  o f  an  m o le c u le
o r  OH" io n  w i t h  a p a r t l y  d i s s o c i a t e d  com plex  ( c ) .  T h i s  scheme c o u ld
2+a l s o  be a p p l i e d  t o  C F e C b ip y )^  •
c
A q u a n t i t a t i v e  s tu d y  on  th e  e f f e c t s  o f  l a r g e  io n s  and
p o l y e l e c t r o l y t e s  on  t h e  r a c e m i s a t i o n  and d i s s o c i a t i o n  o f  
2+ 127C F e(p h en )3I3 h a s  d i s c l o s e d  t h e  p r e s e n c e  o f  v a r y in g  d e g r e e s  o f
i o n i c  a s s o c i a t i o n .  Large  c a t i o n s  such  as  p r o to n a t e d  b r u c in e  and 
q u in in e  c a u se  i n c r e a s e s  i n  t h e  r a t e s  o f  b o th  d i s s o c i a t i o n  and r a c e -  
r a i s a t i o n .  Large a n io n s  p roduce  i n c r e a s e s  o r  d e c r e a s e s  d e p e n d in g  
s p e c i f i c a l l y  on  t h e  a n io n  i t s e l f .  F o r  exam ple ,  d l - 1 0  c a m p h o rsu lp h o n a te  
a t  low c o n c e n t r a t i o n s  (0.001M) f i r s t  g i v e s  a s l i g h t  i n c r e a s e  f o l lo w e d
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a t h ig h e r  c o n c e n t r a t io n s  by a r e d u c t io n  in  r a t e ,  e , g ,  50% a t 0,6M
added io n  c o n c e n t r a t io n .  Sodium la u r y l  s u lp h a te  a lm o st d o u b le s  th e
d i s s o c i a t i o n  r a t e  a t a c o n c e n t r a t io n  o f  0 ,001M , Large io n s  in c r e a s e d
th e  r a c e r a is a t io n  r a t e  in  g e n e r a l  b ut p o ly s t y r e n e  su lp h o n a te  d e c r e a s e d
th e  r a t e  by a f a c t o r  o f  one h a l f .
The b eh a v io u r  o f  la r g e  c a t io n s  c o u ld  be e x p la in e d  by th e
2+
p r e s e n c e  o f  t h e i r  p o s i t i v e  f i e l d  around th e  C F eC phen)^  io n  h e ld
2.
by Van d er  W aal’ s  a t t r a c t i o n .  T h is  f i e l d  m ight th e n  prod uce a 
d e c r e a s e d  e l e c t r o n  d e n s i t y  on  th e  n it r o g e n  and w ith  i t  f a s t e r  
d i s s o c i a t i o n .  On th e  o th e r  hand th e  p r o x im ity  o f  a p o s i t i v e  f i e l d ,  
i f  i t  c a n  so  a f f e c t  th e  n it r o g e n ,  c o u ld  s u r e ly  a l s o  a f f e c t  th e  m e ta l -  
l ig a n d  p i  bond . In  t h i s  e v e n t  s in c e  th e  fo r m a tio n  o f  a p i  bond te n d s  
t o  make th e  p e r ip h e r a l  atom s n e g a t iv e  one w ould  e x p e c t  a p o s i t i v e  f i e l d  
t o  s t r e n g th e n  th e  p i  bond .
I t  was s u g g e s te d  th a t  th e  la r g e  a n io n s  a c te d  by rep la cem en t  
o f  a p a ir  o f  w a te r  m o le c u le s  from  b etw een  e a c h  l i g a n d .  M odels demon­
s t r a t e d  th a t  th e  th r e e  p h e n a n th r o lin e  grou p s j u t t e d  o u t from  th e  c e n t r e  
o f  th e  o c ta h e d r o n  l e a v in g  p o c k e ts  b etw een  ea c h  l i g a n d .  I t  was a l s o  
shown t h a t  two w a te r  m o le c u le s  c o u ld  pack  in t o  ea c h  p o ck e t t o  g iv e  th e  
w h ole  e n t i t y  a ro u g h ly  s p h e r ic a l  s h a p e . In  agreem ent w ith  t h i s  was th e  
f a c t  th a t  many p h e n a n th r o lin e  co m p lex es  w ere known t o  o c c u r  as h e x a -  
h y d r a t e s .  The s u lp h o n a te  group c o u ld  c o n v e n ie n t ly  r e p la c e  a l l  th r e e  
p a ir s  o f  w a te r  m o le c u le s  from  b etw een  th e  l i g a n d s .  T h is  c o u ld  le a d  t o
s lo w e r  d i s s o c i a t i o n  s in c e  th e r e  are  now no w a te r  m o le c u le s  to  r e p la c e
127th e  l o s t  l i g a n d .  D i a l y s i s  e x p e r im e n ts  showed c o n s id e r a b le  io n
2+
a s s o c i a t i o n  b etw een  p o ly s t y r e n e  su lp h o n a te  and th e  Ü FeC phen)^  io n .
The r i g i d i t y  imposed by th e  l in k e d  s u lp h o n a te  g ro u p s  c o u ld  a l s o  e x p l a i n
t h e  d e c r e a s e d  r a t e  o f  i n t r a m o l e c u l a r  r a c e m i s a t i o n  w hich  was o b s e r v e d ,
2 , 3 5  C F e C p h e n ) ^ a n d  CFeCbipy) > 3 .
In  c o n t r a s t  t o  t h e  d i v a l e n t  i r o n  co m p le x es ,  h ig h  i o n i c
s t r e n g t h  i n c r e a s e d  t h e  r a c e m i s a t i o n  r a t e s  o f  b o th  p h e n a n th r o l i n e  and
89b i p y r i d i n e  F e ( I I I )  t r i s  c o m p le x e s .  On t h e  o t h e r  hand , a c id  was
found  t o  re d u c e  th e  r a t e .
The e f f e c t  o f  added io n s  on  t h e  d i s s o c i a t i o n  o f  t h e  F e ( I I I )
com plexes  o f  p h e n a n th r o l i n e  was more p ronounced  t h a n  w i th  t h e  F e ( I I )
+  -t  +
c o u n t e r p a r t s .  As w i t h  t h e  l a s t  m e n t io n e d ,  H , L i  , and K e a c h  p r o -
+ v + v + 125
duced r e t a r d i n g  e f f e c t s  i n  t h e  o r d e r  H ^  L i  /  K .
To a c c o u n t  f o r  t h e  r e t a r d a t i o n  p roduced  by H+ t h e  f o r m a t io n
o f  a p r o t o n a t e d  s p e c i e s  C F e(p h en )3HL34+ had been  s u g g e s t e d 114, b u t  d id
no t  a g re e  w i t h  t h e  a b i l i t y  o f  o t h e r  p o s i t i v e  i o n s  such  as  Li t o  r e t a r d
t h e  r a t e .  The e f f e c t s  on  r a c e m i s a t i o n  p a r a l l e l e d  t h o s e  on  d i s s o c i a t i o n
and were c o n s i s t e n t  w i t h  t h e  i d e a  o f  v e ry  s i m i l a r  expanded  t r a n s i t i o n
129s t a t e s  f o r  b o th  r a c e m i s a t i o n  and d i s s o c i a t i o n .  P a r t  o f  t h e  r e ­
t a r d a t i o n  by c a t i o n s  was th o u g h t  t o  a r i s e  from  a d e c r e a s e  i n  t h e  
a c t i v i t y  o f  w a te r  b u t  t h i s  c o u ld  n o t  acco u n t  c o m p le te ly  f o r  t h e  c h a n g es  
s in c e  d i f f e r e n t  a c id  s o l u t i o n s  o f  t h e  same a c t i v i t y  gave d i f f e r e n t  r a t e  
c o n s t a n t s .
The r e t a r d i n g  e f f e c t  p ro d u ce d  by a n io n s  was b e l i e v e d  t o  be a
r e s u l t  o f  t h e  f o r m a t i o n  o f  i o n - p a i r s T h e  o r d e r  o f  e f f e c t i v e n e s s
was HSO4“ ^  C l ~ N03"" and i o n - p a i r s  were d e t e c t e d  by s m a l l  c h a n g es  i n
3+
t h e  u l t r a v i o l e t  s p e c t ru m  o f  s o l u t i o n s  o f  t h e  LFe(phen)-j3 io n  i n  
s u l p h u r i c ,  h y d r o c h l o r i c ,  and p e r c h l o r i c  a c i d s .
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2*4 THE EFFECTS OF A CHANGE IN SOLVENT ON RACEMI SAT ION RATES.
I t  h as  been  known f o r  some tim e  t h a t  th e  n a tu r e  o f  th e
s o lv e n t  may a f f e c t  th e  r a t e  o f  r a c e m is a t io n .  W erner6 r e p o r te d  a
r e t a r d a t i o n  in  th e  r a c e m is a t  io n  o f  an  aqueous s o lu t i o n  o f  K gC CrCox)^
p ro d u ce d  by th e  a d d i t i o n  o f  a c e to n e .  The f i r s t  s tu d y  o f  th e  te m p e r-
42a tu r e  dependence  o f  a  s o lv e n t  e f f e c t  was made by B ush ra  and Jo h n so n
3_
on  th e  r a c e m is a t io n  o f  th e  CiCrCox)^ io n  i n  aqueous a c e to n e .  Some 
r e s u l t s  a re  g iv e n  below :
TABLE 2 .4  (BUSHRA AND JOHNSON64)
Mole f r a c t i o n  
a c e to n e
105^.invm E a ( k c a l )
lo e  PZ 
(m in- 1 )
As+
( £ . u . )
0 60 1 5 .7 5 8 ,05 -3 2
0 .0 5 9 1 3 .7 1 5 .6 0 7 .4 0 -3 5
0 .0 9 8 8 .6 1 6 .2 0 7 .6 0 -3 4
0 .1 4 4 5 .4 1 8 .8 0 9 .3 0 -26
■JK-Units n o t s p e c i f i c a l l y  q u o ted a re  a p p a re n tly ’ i n  m in"1 from  th e
e x p e r im e n ta l  r e s u l t s  ( te m p e ra tu re  3 0 ° .  1C .)
/ \  S^ h a s  been  c a l c u l a t e d  v i a  th e  fo rm u la  g iv e n  in  s e c t i o n  6 .4  
( a t  300°K .)
The e f f e c t  o f  th e  in c r e a s e d  o r g a n ic  com ponent i s  t o  r e t a r d  
th e  r a t e  by r a i s i n g  th e  e n e rg y  o f  a c t i v a t i o n  r e q u i r e d .  At th e  same
I
t im e  th e  e n tro p y  te rm  becomes more p o s i t i v e .  Aqueous a c e to n e  was a ls o
o b s e rv e d  to  r e t a r d  th e  r a c e m is a t io n  o f  th e  üCr e n ( o x ) 2^ i o n .  O th e r
s o lv e n t s  su ch  as m e th a n o l, e th a n o l ,  p ro p a n o l and 1 ,4  d io x a n e  w ere
3— 97
found  t o  re d u c e  th e  r a c e m is a t io n  r a t e  o f  th e  UCr(ox)g3 i o n .
85P r e l im in a ry  w ork showed t h a t  com pared w ith  w a te r  th e  
o r g a n ic  s o lv e n t s  m e th a n o l, e th a n o l ,  p ro p a n o l ,  and n i tro b e n z e n e
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2+in c r e a s e d  th e  r a t e s  o f  r a c e r a i s a t io n  o f  th e  C F e (b ip y )33 and
24-
U Fe(phen) 3 i o n s .  R e c e n tly  t h e i r  d i s s o c i a t i o n  and r a c e m is a t io n  r a t e s
ü
124w ere  s tu d ie d  i n  m e th a n o l and w a te r -m e th a n o l  m ix tu r e s .  The two
io n s  behaved s i m i l a r l y  i n  t h a t  th e  r a t e s  o f  r a c e m is a t io n  in c r e a s e d
c o n t in u o u s ly  as  th e  m eth an o l c o n te n t  was i n c r e a s e d .  The r a t e s  o f
r a c e m is a t io n  w ere g r e a t e r  th a n  th o s e  o f  d i s s o c i a t i o n  so t h a t  by
s u b t r a c t i n g  th e  r a t e  o f  d i s s o c i a t i o n  from  th e  o b se rv e d  r a c e m is a t io n
r a t e ,  a  r a t e  o f  in t r a m o le c u la r  r a c e m is a t io n  was o b ta in e d .  T h is
p ro c e d u re  assum es, o f  c o u r s e ,  t h a t  e v e ry  d i s s o c i a t i o n  p ro d u c e s
2+r a c e r a is a t  io n .  F o r  th e  UFeCbipy)^!] io n  i t  was shown t h a t  an i n t r a ­
m o le c u la r  p r o c e s s  made an  in c r e a s e d  c o n t r i b u t i o n  t o  th e  r a c e m is a t io n  
as  th e  m e th a n o l c o n te n t  was in c r e a s e d .  In  a d d i t io n ,  i n  m eth an o l 
r i c h  s o lu t i o n s  th e  r a t e  o f  r a c e m is a t io n  was a lm o st in d e p e n d e n t o f  th e  
a c id  c o n c e n t r a t io n ,  a  r e s u l t  c o n s i s t e n t  w i th  a s m a l le r  c o n t r i b u t i o n  
made by a d i s s o c i a t i o n  m echanism .
The r e s u l t s  o f  a  s tu d y  o f  th e  e f f e c t  o f  v a r io u s  s o lv e n t s
n  i
on th e  r a c e m is a t io n  o f  th e  i-N iC phen )^  io n  a re  g iv e n  b e lo w ,
TABLE 2 ,  (DAVIES AND DWYER)85
S o lv e n t E a( k c a l /m o le ) 104 k (m in "1 ) A s ^ C e .u ,)
W ater 1 3 .0  t 0 .3
in v  • 
3 .4 - 1 .0  i t  1 .5 )
M ethano l 1 1 .9 I t 2 .2 - 6 .0  ”
E th a n o l 1 2 ,4 n 1 .2 - 3 . 8  ”
n p ro p a n o l 1 2 .3 i t 1 .1 - 4 .2  ”
A cetone 1 2 .7 *i 3 .0 - 2 ,4  "
P y r id in e 1 3 .9 M 4 .6 + 3 .1
N it  ro b e  nzene 1 2 .9 »» 0 .3 4 - 1 .5
E th y le n e g ly c o l 1 4 .0 I t 0 .4 0 + 3 .6  ”
N o te : A  S* was c a l c u l a t e d a s  g iv e n i n  R e f . 88 ,
37
There was no correlation between the rates and any physical 
property of the solvent (e.g. dielectric constant)« The fact that the 
rates varied considerably while the energies of activation and log A 
values remained fairly constant led Davies and Dwyer to favour an 
intramolecular mechanism. It has since been shown that the rates of
racemisation and dissociation are identical in the solvents ethanol,
860.7 mole fraction ethanol-water, and nitrobenzene. Hence dis­
sociation would appear to be a likely mechanism in all the organic 
solvents tried.
2+The racemisation rates of the £Ni(phen)3J ion in aqueous 
organic solvents varied in the manner shown in Figure 2.4 with 
changing percent organic component. A dual mechanism was thought to 
operate as it was then believed that racemisation in 0.7 mole fraction 
ethanol-water was more rapid than dissociation. The behaviour was 
attributed to a decrease in rate of dissociation and an increase in 
the rate of intramolecular racemisation as the organic content in­
creased. This explanation did not account for the maxima in the 
curves. Further, exchange experiments have shown that the rates of 
racemisation and dissociation in 0.7 mole fraction ethanol-water are 
the same; therefore a dissociation mechanism must be present.
It has been suggested that the initial decrease in race-
raisation rate as the organic component was increased could be due to
55ion-pair formation. Both the ion-pair and the parent complex
could then react at different rates. The initial drop due to a change 
in solvent would be followed by an increase in rate due to the faster 
dissociation of the ion-pairs. The subsequent decrease in rate would
0 ethanol 100
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th e n  be a r e s u lt  o f th e  in c rease  in  o rg a n ic  s o lv e n t on th e  r a te  o f
ra c e ra is a tio n  o f th e  io r w p a ir .
I t  is  in te r e s t in g  to  in v e s t ig a te  what re la t io n s h ip s  m ight
be p re s e n t between th e  e n e rg ie s  o f  a c t iv a t io n  and e n tro p ie s  o f
2+a c t iv a t io n  fo r  th e  t-N iC phen)^  io n  in  th e  o rg an ic  s o lv e n ts  and
205s o lv e n t m ix tu re s *  L e f f l e r  has drawn a t te n t io n  to  the  im p lic a t io n s  
o f a l in e a r  r e la t io n s h ip  between Ea andZ^ in  a study o f  e ig h ty -o n e  
o rg a n ic  re a c tio n s  where s o lv e n t o r  s tru c tu re  o f th e  re a c ta n t was 
v a r ie d  •
A l in e a r  r e la t io n  between th e  e n th a lp y  A  H  and e n tro p y
A Q**—» vJ o f  a c t iv a t io n  cou ld  be re p re s e n te d  by th e  fo llo w in g  e q u a tio n  
known as th e  is o k in e t ic  r e la t io n s h ip  -
A H =  oL 4" HAS* ....................... (1)
where H  is  th e  s lope o f th e  p lo t  and OL th e  in te r c e p t ;  H  has th e  
dim ensions o f ab so lu te  te m p e ra tu re .
The ra te  o f a r e a c t io n  a t any tem p era tu re  is  determ ined  by 
th e  f r e e  energy o f a c t iv a t io n  ( F *  ) .
A F*= AH'- TA S' ........................(2)
By s u b s t i tu t in g  f o r  A H  in  (2 )
A  F =  oc +(ß -T )A S + ........................(3)
O b v io u s ly , w henH  = T , A i s  c o n s tan t and th e  ra te  c o n s tan ts  are  
th e  same, 0  is  term ed th e  is o k in e t ic  te m p e ra tu re , L e f f l e r  p o in ts  
out th a t  because a change in  s o lv e n t o r in  s tru c tu re  does not a l t e r  
th e  ra te s  i t  is  not sa fe  to  conclude th a t  th e re  is  no e f f e c t .  I t  may 
be th a t  .  On th e  o th e r  hand, p ro v id ed  was s u f f ic ie n t ly
d i f f e r e n t  to  T th e n  a p lo t  o f H  (e q u iv a le n t  to  E a) a g a in s t
40
s h o u ld  be l i n e a r  o n ly  i f  t h e  mechanism o f  t h e  r e a c t i o n  was e s s e n t i a l l y
ot h e  same« L e f f l e r  p ro p o se d  a t e m p e r a tu r e  d i f f e r e n c e  o f  a t  l e a s t  20 K.
The f o l l o w i n g  d iag ram  ( o v e r l e a f )  shows t h e  E a , S p l o t  
2+f o r  t h e  t-N iC phen)^  io n  i n  a l c o h o l  s o l v e n t s  ( i )  and i n  e t h a n o l -
w a te r  m ix tu r e s  ( i i ) .  The r e s u l t s  were c a l c u l a t e d  from  t h e  work o f
85 89 I ID av ie s  and Dwyer. * The s lo p e s  o f  t h e  l i n e s  were IJ
ß( a l c o h o l s )  and
'= 392
= 335 ( e t h a n o l - w a t e r ) • These  a re  q u i t e  d i f f e r e n t  
t o  T, t h e  m id p o in t  o f  t h e  e x p e r i m e n t a l  t e m p e r a tu r e  r an g e  u s e d ,  w hich  
was 300°K i n  b o th  c a s e s *
The s t r a i g h t  l i n e s  o b t a i n e d  i n d i c a t e  t h e  p r e s e n c e  o f
e s s e n t i a l l y  t h e  same m echanism d e s p i t e  t h e  w ide v a r i a t i o n s  i n  t h e
r a t e s  -  a c o n c l u s i o n  t h a t  i s  c o n f i rm e d  by t h e  r e s u l t s  o f  exchange  
62s t u d i e s .  The i n v e s t i g a t i o n  o f  t h e  i s o k i n e t i c  r e l a t i o n s h i p  was 
c o n f in e d  t o  s o l v e n t s  w h ich  were o f  a s i m i l a r  n a tu r e *  I t  would n o t  be 
e x p e c te d  t h a t  t h e  r e l a t i o n s h i p  would p e r s i s t  when g r o s s  c h a n g e s  i n  
s o lv e n t  were made ( e , g ,  w a te r  and n i t r o b e n z e n e )  a l t h o u g h  t h e  p o i n t s  
were s t i l l  g rouped  ab o u t  t h e  same l i n e .
KEY
F i g u r e s  ( i )  and ( i i )
(1 )  e q u a l s  e t h a n o l
( 2 )  M w a te r
( 3 )  " e t h y l e n e g l y c o l
(4 )  ” n p r o p a n o l
(5 )  M m e th a n o l
F ig u r e  ( i i )
From t o p  t o  bo t tom  th e  p o i n t s  on  th e  l i n e  
c o r r e s p o n d  t o  5, 10 ,  40 ,  70 and 90% m o le -
f r a c t i o n  e t h a n o l - w a t e r  m ix tu r e s
FIG. 11
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2*5 THE EFFECT OF ELECTRON TRANSFER ON RACEMISATION RATES.
A c t iv a te d  c h a r c o a l  w as known t o  c a t a ly s e  th e  r a c e m is a t io n
o f  c o b a l t ( I I I )  c o m p le x es , 1 0 2 » 108  F o r ex am p le , th e  o p t i c a l l y  
3+a c t i v e  L C o (en ),J  io n  c o u ld  be b o i le d  in  s o lu t i o n  w ith  no change in
a c t i v i t y  b u t was c o m p le te ly  ra c e m is e d  in  a few m in u te s  on h e a t in g  w ith  
102c h a r c o a l .  R ecen t work h a s  shown t h a t  th e  r a t e  o f  r a c e m is a t io n  was
l a r g e l y  a c co u n te d  f o r  by a p r o c e s s  o f  e l e c t r o n  t r a n s f e r iUO to  p ro d u ce  
th e  v e ry  l a b i l e  C o ( I I )  c o m p le x . The p r o c e s s  may be r e p r e s e n te d  by th e
fo l lo w in g  e q u a t io n s  -
3+ +e r -  2+
d -u C o le n )^ ]  c h a r c o a l d -u C o C e n )^
d l - E c o C e n ) ^  oh^ o a l
r a p id
4 'r a c e m is a t  io n
d l-C C o (e n )^ ]2+
In  th e  p r e s e n t  work u se  i s  made o f  th e  c h a r c o a l  c a ta ly s e d  r a c e m is a t io n  
_ 3+
o f  th e  uC o(en)oJ io n  to  e f f e c t  a h ig h  y i e l d  i s o l a t i o n  o f  one 
e n a n tio m o rp h  ( s e e  s e c t i o n  4 ,2 1 ) ,
F i n a l l y ,  i t  h a s  been  shown t h a t  r a c e m is a t io n  c a n  be p ro ­
duced  by e l e c t r o n  t r a n s f e r  e v e n  w here th e  o p t i c a l  fo rm s a re  s t a b l e .
Thus when e q u iv a le n t  am ounts o f  d - COs ( b i p y ) ^ 3 and 1 -C 0 s (b ip y ) ^ ] 2+ 
w ere m ixed , an  i n a c t iv e  s o l u t i o n  was o b t a i n e d T h e  fo llo w in g  
e l e c t r o n - t r a n s f e r  e q u i l ib r iu m  r e s u l t e d  in  c o m p le te  l o s s  o f  a c t i v i t y j -  
lLO sCbipy ) ^ 2+ + dCOsCbipy) ^ 3 — -  lC O sC bipy>3!!3+ + d £ 0 s (b ip y  JgD2*
2 ,6  THE EFFECT OF LIGHT ON RACEMISATION RATES.
O nly two ex am p les  w ere known in  w h ich  c o o r d in a t io n  compounds 
ra c e m ise d  u n d e r  th e  in f lu e n c e  o f  l i g h t  and y e t  d id  n o t ,  a t  th e  same
110
t im e , s u f f e r  d e c o m p o s i t io n . T hese  w ere th e  com plexes d-KLRh^OCEDTA)!! 
and L-CRhH2 0 (l-PDTA)IlH2 0 ,  (EDTA r e f e r s  t o  e th y le n e d ia m in e te t r a a c e t  ic  
a c id  and 1-PDTA to  le v o  p r o p y le n e d ia m in e te t r a a c e t i c  a c i d ) .  B oth
_________________
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complexes were stable in the dark at room temperature though the EDTA 
complex racemised on heating* Optical activity was lost, however, 
upon exposure to ultraviolet light, the change being completed in 
about two hours. The EDTA complex racemised completely while the 
1-PDTA complex mutarotated. Also the 1-PDTA complex regained its 
activity in three days on storing the solution in the dark but muta- 
rotated upon re-exposure to light. The 1-PDTA ligand is stereo­
specific so that the mutarotated stage must revert to the original 
configuration. The cycle of rotational changes could be repeated 
apparently as often as desired.
To account for the racemisation of the EDTA complex, Garvan 
suggested two possible intramolecular mechanisms. The first was 
essentially that of Gehraan, Bailar, and Seiden (see section 2,1), with 
the provision that the ÜRh^OCEDTA)!!- complex would have to consist 
of equal amounts of the following two isomers which also had approx­
imately the same rotating power. This restriction arose since the 
mechanism proposed converted the d-equatorial isomer into the 1-polar 
form. In the figures below, (XXXI) represents the d-polar isomer and 
(XXX11) the d-equatorial.
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In  t h i s  m echanism  th e  l o s s  i n  a c t i v i t y  was p ro d u ced  by an 
i s o m e r i s a t i o n  r a t h e r  th a n  a r a c e m is a t io n .
An a l t e r n a t i v e  h y p o th e s i s '^ ^  c o n s id e re d  th e  r a c e m is a t  io n  
to  o c c u r  v i a  th e  o p e n in g  o f  a seco n d  c a r b o x y l la t e  r i n g ,  w i th  th e  
fo rm a tio n  o f  a d ia q u a  s p e c ie s  w h ich  th e n  ra c e m ise d  by an  in t r a m o le c u la r  
m echan ism . F o u r iso m e ric  d ia q u a  s p e c ie s  w ere p o s s ib l e  ( 1 ,  2 , 3 , 4 ) ,
Of th e s e  o n ly  1 and 2 w ere c a p a b le  o f  g iv in g  a sy m m e tr ic a l i n t e r ­
m e d ia te ,  th e  o th e r s  s im p ly  p ro d u ced  i s o m e r i s a t io n  a t te n d e d  by in v e r s io n  
o f  th e  e q u a t o r i a l - p o l a r  ty p e  j u s t  m e n tio n e d . In fo rm a t io n  on  th e  r a t e s  
o f  H20 exchange c o u ld  d i s t i n g u i s h  be tw een  th e s e  p r o p o s a ls  s in c e  th e  
l a s t  m en tio n ed  in v o lv e  p a r t i c i p a t i o n  o f  w a te r  by a o n e -e n d e d  d e ta c h ­
m ent o f  a c a r b o x y l la t e  g ro u p .
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The m u ta r o ta t io n  o f  th e  P .D .T .A . com plex  was d i f f i c u l t  
t o  e x p l a i n .  T h e re  was c o n s id e r a b le  e v id e n c e  t h a t  s t e r i c  h in d ra n c e  
p r e v e n te d  th e  f o rm a tio n  o f  th e  o th e r  form  o f  th e  com plex  i . e .
DkRh HgOd-PDTA)!] and G arvan  fa v o u re d  th e  fo rm a tio n  o f  d ia q u a  s p e c i e s ,  
w h ich  w ould n o t be i n a c t iv e  ow ing to  th e  a c t i v i t y  p r e s e n t  i n  th e  
l i g a n d .  E x a m in a tio n  o f  th e  a b s o r p t io n  sp e c tru m  o f  b o th  th e  exposed  
and u n exposed  s o lu t i o n s  showed them  to  be p r a c t i c a l l y  i d e n t i c a l ,  
l e a d in g  to  th e  c o n c lu s io n  t h a t  i f  d ia q u a  s p e c ie s  w ere form ed t h e i r  
a b s o r p t io n  s p e c t r a  m ust be a lm o st th e  same a s  th e  m o n o aq u a ted . The 
same r o t a t i o n a l  change was o b se rv e d  i n  th e  p re s e n c e  o f  an o x i d i s in g  
a g e n t (KMnO^) th u s  e l i m i n a t i n g  th e  p o s s i b i l i t y  o f  a R h ( I I )  com plex  
h a v in g  been  fo rm e d . In  t h i s  e v e n t  th e  p e rm angana te  w ould im m ed ia te ly  
e f f e c t  o x i d a t io n  to  R h ( I I I )  and th e  r o t a t i o n  w ould th e n  r e t u r n  a t  
once  t o  th e  v a lu e  p r i o r  t o  e x p o s u re .  As w ith  th e  EDTA com plex , 
w a te r  ex ch an g e  d a ta  w ould p ro v id e  d i r e c t  e v id e n c e  o f  a q u a t io n .
The p h o to d e c o m p o s it io n  o f  K g^C oC ox)^ h as  le d  J a e g e r  and 
B e rg e r10 '1' t o  a t te m p t an  asym m etric  s y n t h e s i s .  By u s in g  c i r c u l a r l y  
p o l a r i s e d  l i g h t  th e y  hoped to  decom pose one a n tip o d e  a t  a d i f f e r e n t  
r a t e  t o  th e  o t h e r  b u t d id  n o t s u c c e e d . The p re s e n c e  o f  c o b a l t ( I I ) ,  
w h ich  was form ed i n  th e  p h o to d e c o m p o s it io n , c o u ld  r a p id ly  ra c e m ise  
any a c t i v e  t r i s  m a t e r i a l  by an e l e c t r o n - t r a n s f e r  m echanism  ( s e e  
s e c t i o n  2 . 5 ) .  C o n s e q u e n tly , th e  ch an ce  o f  o b s e rv in g  any a c t i v i t y  
was v e ry  s l i m . 110 An u n s u c c e s s f u l  a tte m p t has  a ls o  b een  made t o  
e f f e c t  an  asym m etric  s y n th e s i s  w i th  th e  R h ( I I I )  -EDTA com plex110 by
an  a n a lo g o u s  te c h n iq u e
4 6 .
2 .7  NICKEL AND IRON COMPLEXES OF 2 t 2 »-RIPYRIDINE AND 
1 , 10-PHENANTHRQLINE .
C o n s i d e r a t i o n  o f  t h e  s t r u c t u r a l  fo rm u la e  below shows t h a t  
t h e  common f e a t u r e  o f  t h e  2 , 2 * - b i p y r i d i n e  Cl) and 1 , 1 0 - p h e n a n t h r o l -  
in e  (1 1 )  m o le c u le s  i s  p o s s e s s i o n  o f  th e  f u n c t i o n a l  g roup  -N=C-C=N-.
i n  ]]] IV
v 140Both  l i g a n d s  a re  weak b a s e s  ( 1 ,  pK 4 .4 0  11 .  pK 4 . 9 6 ) .  A lso
t h e  b i p y r i d i n e  m o le c u le  p r e f e r s  t h e  t r a n s  n i t r o g e n  c o n f i g u r a t i o n .
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T h i s  has  been  shown by th e  d i p o l e  moment m easurem ent o f  0 .9 1  Debye
as  a g a i n s t  t h e  v a lu e  o f  3 .8  Debye e x p e c te d  f o r  t h e  c i s  c o n f i g u r a t i o n .
P h e n a n th r o l in e  by c o m p a r iso n  h a s  a d i p o l e  moment o f  4 .1  Debye u n i t s ,  
73Thompson has  e s t i m a t e d  t h a t  t h e  e n e rg y  d i f f e r e n c e  be tw een  th e  c i s
and t r a n s  fo rm s o f  b i p y r i d i n e  i s  abou t 2 -3  k c a l .
The a b i l i t y  o f  s t r u c t u r e s  I and I I  t o  c o o r d i n a t e  s t r o n g l y
t o  t r a n s i t i o n  m e ta l  io n s  h as  been  a t t r i b u t e d  t o  t h e  f o r m a t io n  o f  
74 75 76d o u b le  - b o n d s .  * * The p o r b i t a l  o f  t h e  n i t r o g e n  c a n  a c c e p t
e l e c t r o n s  from  a d o r b i t a l  o f  t h e  m e t a l .  As a r e s u l t  s t r u c t u r e s  I I I  
and IV c o u ld  c o n t r i b u t e  t o  t h e  r e s o n a n c e  h y b r i d .  Of c o u r s e ,  t h e  
com plex  as a w hole  s t i l l  c a r r i e d  a p o s i t i v e  c h a r g e .  The t r i s  N i ( I I )  
com plexes  w i t h  e i t h e r  l i g a n d  a r e  w e l l  known and may be r e a d i l y  ob­
t a i n e d  by m ix in g  t h e  s t o i c h i o m e t r i c  amounts i n  a  s o lv e n t  such  as
2+
aqueous e t h a n o l .  The o p t i c a l l y  a c t i v e  fo rm s o f  C N i(b ipy)^3  io n
82were f i r s t  o b t a i n e d  by W erner u s in g  ammonium d - t a r t r a t e  as t h e
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resolving agent* A considerably improved resolution was subsequently 
81developed , employing the sparingly soluble lattice compound formed
with iodide and antimonyl-d-tartrate * A very efficient resolution
2+of the LNiCphen)^!! ion has been achieved using antimonyl d-tartrate
which gives complete precipitation of one diastereoisomer only. The
corresponding Fe(II) tris complexes have been prepared and resolved
81 215by similar methods. * The Ni(II) and Fe(II) complexes racemise
in solution and the mechanisms of racemisation have been studied. 
Mechanisms:
Some mention has been made already (section 2.2) concern-
2+ing dissociation and racemisation studies of the LNiCbipy)^ and 
2+LNi(phen)^ ions. There are marked differences in their race­
misation rates and also in their behaviour towards acid. The 
phenanthroline complex racemises with a half-life of 17 hrs at 25°C 
independent of acid being present. On the other hand, the bipyridine 
complex under the saune conditions has a racemisation half-life of
C M  o e  c a5 min. and the rate is accelerated by acid. Davies and Dwyer * •
studied the racemisation of these complexes under a variety of con­
ditions which included aqueous solution, acid solution, solutions 
containing different ions (section 2.30), and organic solvents 
(section 2.4). The failure of an excess of ligand to affect the 
rates of racemisation was cited as evidence for an intramolecular 
mechanism.84*85»6  ^ It was expected that the increased rate of the
reverse reaction should produce a slower racemisation according to 
the following equation (coordinated water being omitted). 
CNi(phen)cp2^p^ CNi(phen)2^2+ + phen
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Later workers03 pointed out that provided the bis complex formed was
optically inactive or alternatively rapidly lost its activity, then
excess ligand would not affect the observed rate of racemisation.
Dissociation studies confirmed the identical nature of both race-
misation and dissociation processes in acid solution (cf. section 2.2).
Fairly high acidities were needed to effect dissociation since below
about 3 molar concentration appreciable re-formation was present.
36SubsequentlyI exchange experiments showed that mechanism which 
involved dissociation of one ligand also accounted for the race­
misat ion in neutral and alkaline solutions up to pH13.
2+  - 2+The racemisat ion of the CFeCbipy)^ and LFeCphen)^!!
112ions was studied several years ago and a considerable amount of
work has since appeared on their rates of dissociation, 114* 117,1 6
specific ion effects (section 2.3), and solvent effects (section 2.4).
113Work on the rates of ligand exchange and acid dis­
sociation114’116 could not be used satisfactorily in conjunction with 
the available racemisation data since the conditions were not identi­
cal throughout.115*130 Basolo, Hayes, and Neumann117 determined 
both racemisation and dissociation rates under comparable conditions. 
The dissociation was measured spectrophotometrically in acid solution 
by following the loss in colour accompanying dissociation of the 
first ligand. As with the Ni(II) complexes the function of the acid 
was to prevent the reverse reaction by protonation of the free ligand. 
Table 2.7 has been taken from Reference 117. The Fe(II) complexes 
differ from their Ni(II) counter parts in that racemisation takes
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place more rapidly than dissociation. By making the reasonable 
assumption that dissociation of the first ligand would be accompanied 
by racemisation, Basolo and co-workers attributed the remainder of 
the racemisation rate constant to an intramolecular mechanism. Thus, 
by addition of the values shown for intra- and inter-molecular 
mechanisms the observed racemisation rate constant may be obtained.
TABLE 2.7 (25°C)
Intramolecular Intermolecular
racemisation racemisation
kCmin“1) Ea
( kc al)
As*
Ce .u.)
kCmin”1) Ea
(kcal)
As*
(e .u.)
2+Fe(phen)3 3.9 x K T 2 29 21 4.2 x 10”1 32.1 28
Fe(bipy)32+ 1.6 x 10”2 26 12 4.7 x 10”2 27.4 17
For the CFeCphen)^ ion there was no significant dependence on the
1 2acid concentration giving support to the above assumption that 
racemisation accompanied dissociation. If this were not correct and 
every dissociation did not lead to racemisation then in the absence 
of acid the bis complex would be capable of re-forming some active 
tris. Consequently, the addition of acid should lead to an increase 
in the observed racemisation rate by elimination of the reverse step, 
On the other hand, the dependence of the racemisation of the 
ÜFe(bipy)3J ion on acid could be explained by prevention of the 
reverse reaction, provided it occurred with some retention of con­
figuration. The effect of excess bipyridine on the racemisation in
aqueous solution does not appear to have been studied.
116Baxendale and George explained the acid catalysed
2+dissociation of the ÜFeCbipy)^ complex by an equilibrium:
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C F e(b ip y )g 3 2+ + H+^=£ C F e (b ip y )3lD 0+
They assumed t h a t  t h e  p r o t o n a t e d  form  r e a c t e d  more r a p i d l y  t h a n  th e  
u n p r o to n a t e d  form  and t h a t  a t  h i g h e r  c o n c e n t r a t i o n s  o f  a c id  t h e  
l i m i t i n g  r a t e  o b s e rv e d  was due t o  t h e  p r e s e n c e  o f  t h e  p r o to n a t e d  
s p e c i e s .  The f a i l u r e  t o  d e t e c t  any a b s o r p t i o n  s p e c t r a l  c h a n g es  be­
tw een  n e u t r a l  and a c id  s o l u t i o n s  o f  t h e  com plex  l e d  t o  t h e  f o l l o w in g
117p r o p o s a l  w hich  c o u ld  a c co u n t  f o r  t h e  a c id  d e p e n d e n c e .
( b i p y ) 2 F e ^ j J )  ^  ( b i p y ) 2 F e / Jj) ^  (b ip y > 2 Fe + jj)
( b i p y ) 2 F e / ^ + f a s ^  (b ip y > 2 Fe +
Here s te p w is e  d i s s o c i a t i o n  o f  a b i p y r i d i n e  e n a b le s  a p r o to n  
t o  a t t a c h  t o  t h e  f r e e  n i t r o g e n  and t h e  r e s u l t i n g  p r o to n a t e d  s p e c i e s  
was th o u g h t  t o  d i s s o c i a t e  v e ry  r a p i d l y .  T h i s  p a th  would be more 
im p o r ta n t  as  t h e  a c id  c o n c e n t r a t i o n  was i n c r e a s e d  and a s  t h e  p r o t o n a t ­
ed s p e c i e s  was b u t  a t r a n s i e n t  i n t e r m e d i a t e  no s p e c t r a l  ch an g es  would 
be e x p e c t e d .  A r a t e  e x p r e s s i o n  f o r  t h e  a c id  dependence  c o u ld  be 
d e r iv e d  w hich  a c c o u n te d  q u a l i t a t i v e l y  f o r  t h e  o b s e rv e d  b e h a v io u r  bu t
q u a n t i t a t i v e  ag reem en t  was n o t  o b t a i n e d .
212Healy  and Murraann have c o n c lu d e d  t h a t  p r o to n a t e d  s p e c i e s  
2+  -  2+o f  t h e  luFe(bipy)gll and C FeC phen)^  io n s  were p r e s e n t  i n  co n ­
c e n t r a t e d  p e r c h l o r i c  o r  s u l p h u r i c  a c id  s o l u t i o n s ,  s in c e  upon d i s ­
s o l v i n g  t h e  r e d  com plex  c h l o r i d e s ,  t h e  s o l u t i o n s  changed  t o  a b lu e  
c o l o u r  and became p a r a m a g n e t i c .  The c h a n g es  were r e v e r s i b l e  on  
d i l u t i o n  w hereupon  t h e  r e d  c o l o u r  was r e g e n e r a t e d .  I f  o p t i c a l l y  
a c t i v e  C F e(phen )3I!Cl2 was u se d  some a c t i v i t y  was r e t a i n e d .  The
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authors excluded the possibility of oxidation having occurred to give
formation of the blue Fe(III) complexes, since the changes take place
in the presence of Sn and As(OH)^ •
The above evidence, however, is not convincing. Experi-
2+ments in the present work show that Sn did not reduce the blue 
trivalent CFe(bipy)gl (C104)3 in concentrated perchloric acid. 
Similarly, sodium sulphite did not reduce the Fe(III) complex in 
concentrated sulphuric acid solution. Therefore, a process of oxid­
ation could well account for the colour changes and paramagnetism. 
Healy and Murraann give the absorption maximum of the blue complex 
obtained from CFeCphen^lC^ as 605 m/< which almost is the same as 
that reported for the UFeCphen)^° ion (600 m/*-). The reversible
24-nature of the oxidation of the CFeCphen)^ ion upon dilution of the
216solution has been noted by Lang. Also the retention of some
217optical activity is consistent with an oxidation-reduct ion process.
The available evidence also favours the participation of 
the proton in a half-bonded intermediate rather than an alternative
I I /»
mode of attachment to the aromatic ring. In the last instance,
there seems no reason to prevent phenanthroline attaching a proton in 
the same way, yet the dissociation and racemisation behaviour of the 
tris phenanthroline complexes of either Fe(II) or Ni(II) are not acid 
dependent. The acid dependence is evidently a function of the 
bipyridine ligand.
The effect of acid on the Fe(III) tris complexes of bi­
pyridine and phenanthroline is opposite to that found for Fe(II), i.e.
129acid retards the racemisation rates. Also the dissociation of
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3+ 114
th e  LFe(phen) 3 io n  i s  r e ta r d e d  by th e  p r e s e n c e  o f  a c i d .  A
O
125d e t a i l e d  stu d y  by B a so lo  and c o -w o r k e r s  showed th a t  th e  o b s e r v a ­
t i o n  was in  th e  c a te g o r y  o f  a s p e c i f i c  io n  e f f e c t  s in c e  o th e r  p o s i t i v e  
io n s  a l s o  prod uced  a r e t a r d a t io n  ( s e e  s e c t i o n  2 , 3 5 ) .
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CHAPTER THREE
3 .0  MIXED TRISBIDENTATE COMPLEXES.
M ixed co m p lex e s  o f  m e ta l io n s  may be r e a d i ly  p rep a red  
p r o v id e d  th a t  th e  co m p lex e s  are i n e r t .  T h is  a p p l ie s  t o  a number o f  
t r a n s i t i o n  e le m e n ts  su ch  as C r ( I I I ) ,  C o ( I I I , ) ,  R h ( I I I ) f e t c .  a lth o u g h  
i t  may happen t h a t  th e  v e r y  i n e r t n e s s  d e f e a t s  a tte m p ts  a t  p r e p a r a t io n .  
R ea l p rob lem s a r i s e  when th e  co m p lex es  o f  a m e ta l are l a b i l e  and th e  
therm odynam ic s t a b i l i t y  o f  th e  m ixed co m p lex  i s  l e s s  th a n  one o r  
b o th  o f  th e  s im p le  c o m p le x e s , e . g .  -
2LCu(NH3 ) 2 (en )H 2+ CCu(NH3 >4J 2+ + Ü C uC en)^2 "^
The e q u il ib r iu m  th e n  l i e s  f a r  t o  th e  r ig h t  and th e  e q u il ib r iu m  co n ­
c e n t r a t io n  o f  th e  m ixed s p e c i e s  i s  v e r y  lo w .
3 .1  METHODS OF PREPARATION.
In  g e n e r a l ,  th r e e  a p p ro a ch es m igh t be u t i l i s e d  in  d e s ig n ­
in g  p r e p a r a t io n s  o f  m ixed t r i s  b id e n ta t e  c o m p le x e s .
( i )  A d d it io n  o f  l ig a n d  to  th e  b i s  o r  mono co m p lex .
4- —  +  —.
e . g . :  L C r(en )2C l2J + C2 ° 4  —V U C r(en )2 (C20 4 >3 + 2C1
C N i(p h en )C l23 + 2 b ip y —> C N i(p h en )(b ip y > 23 C l2
( i i )  R ep lacem en t o f  l i g a n d s .
3— —
e . g . :  CCr(C20 4 >33 + e n — > f X r C e n X C ^ ^ ^  + C90 4
— r -  +  —
ECr(en)CC20 4 ) 23 + en  —* u C r(e n )2 (C20 4 >3 + C2°4
(b ip y  H+ ) 2&Ptu(phen)Cl43 ^ >  X R u (p h e n )(b ip y )2C12 + 2HClf
( i i i )  D ir e c t  p r e p a r a t io n .
e . g . :  When c o b a l t ( I I )  a c e t a t e ,  o x a l i c  a c id ,  and e t h y le n e -  
d ia m in e  are ta k e n  in  s t o ic h io m e t r ic  p r o p o r t io n s  in  
aq ueous s o l u t i o n  and th e  m ix tu re  o x id i s e d  w ith  le a d  
d io x id e  th e  co m p lex  io n s  ü C o (en )2 (C20 4 )3 + o r
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□CoCenXC^O, >„3"“ c a n  be o b t a i n e d .
F o r  m ethod ( i )  t o  be u s e f u l  t h e  b i d e n t a t e  g r o u p ( s )  p r e s e n t  
i n  t h e  b i s  o r  mono com plex  in v o lv e d  m ust be slow t o  d i s s o c i a t e  r e ­
l a t i v e  t o  t h e  r a t e  o f  f o r m a t io n  o f  t h e  p r o d u c t .  I t  may be a d v a n ta g e ­
o u s ,  a s  i n  t h i s  w ork , t o  change t h e  s o l v e n t  a n d /o r  low er  t h e  
t e m p e r a tu r e  i n  o r d e r  t o  d e c r e a s e  t h e  r a t e  o f  d i s s o c i a t i o n  o f  a mono 
o r  b i s  s t a r t i n g  m a t e r i a l .
42Method ( i i )  was u se d  by B ush ra  and Jo h n so n  and by
137W ern e r .  Som etimes more t h a n  one l i g a n d  may be r e p l a c e d  a t  a t im e
3 -
and a m ix tu re  o b t a i n e d .  F o r  exam ple ,  i n  t h e  r e a c t i o n  o f  ECr(ox)gI3 
w i t h  e th y l e n e d ia m in e  t h e  i n s o l u b l e  G C rC e n ^ C o x ^ C C rC e n X o x ^ J  was 
p r e c i p i t a t e d
Method ( i i i )  r e l i e d  on  t h e  a v a i l a b i l i t y  o f  t h e  l a b i l e  
C o ( I I )  s t a t e .  R ap id  a t t a in m e n t  o f  e q u i l i b r i u m  be tw een  t h e  C o ( I I )  
com plexes  was f o l lo w e d  by o x i d a t i o n  t o  t h e  n o n - l a b i l e  C o ( I I I )  s t a t e .
Method ( i )  was u sed  i n  t h i s  work t o  p r e p a r e  t h e  
Ü J iC b ip y ) (p h e n > 2J 24" and E l N i ( p h e n ) ( b i p y i o n s .  C o n t r a r y  t o  p r e ­
v io u s  i d e a s 115*139 t h e  d i s s o c i a t i o n  o f  t h e  N i ( I I )  mono and b i s
121p h e n a n th r o l i n e  com plexes  i n  aqueous s o l u t i o n  was n o t  v e ry  r a p i d ,
e . g .
Ion  lO^kCmin"1 ) E a ( k c a l s )
Ü N iC p h e n )^ 2* 4 .6 2 5 .2
C N iC phen )^  + 1 0 .7 2 3 .1
C N i(phen)D 2+ 5 .3 2 6 .2
I t  was t h e r e f o r e  p o s s i b l e  t o  a t t a c h  two b i p y r i d i n e  l i g a n d s  
t o  t h e  mono p h e n a n t h r o l i n e  compound t o  o b t a i n  C N i( p h e n ) ( b ip y > ^ 0 1 2  
i n  good y i e l d .  A mono s t a r t i n g  m a t e r i a l  was p r e f e r r e d  t o  a b i s
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because th e  l a t t e r  m ight have been in  th e  tra n s  c o n f ig u ra t io n  
n e c e s s ita t in g  rearrangem ent to  th e  c is  d u rin g  th e  r e a c t io n .  The 
same p re p a ra t iv e  method was used fo r  C N i(b ip y X p h e n J ^ C l.^  s ta r t in g  
from  L N i(b ip y  ^ l ^ ]  •
3 .2  STABILITY .
The r e s u lts  below c o n s t itu te  what appears to  be th e  o n ly
133example o f e q u il ib r iu m  s tu d ie s  on a mixed t r i s  b id e n ta te  com plex.
Complex (fro m  R e f .1 3 8 )  
2+
L N iC e n )^  
L N i(e n )2 (o x )H <
u N i(e n )(o x > 2-3
2 -
i-NiCox)^^
4 -
lo g  K (2 5 °C )*
1 8 .2 8
1 6 .1 5
1 3 .0 2
8 ,51
£ K r e fe r s  to  th e  e q u il ib r iu m , v i z .
L N i(e n ) (ox)HK — ---------- . . . . .  .<1 -
CNi ( H20 ) 6 Le ri3 2 Lo x ^
Thus success ive rep lacem ent o f e th y le n e d ia m in e  by o x a la te  
produced a le s s  s ta b le  com plex. A r e s u lt  not s u rp r is in g  i f  th e  re ­
la t iv e  p o s it io n s  o f o x a la te  and e th y le n e d ia m in e  in  the  sp ec tro ch em ic a l 
s e r ie s  are c o n s id e re d . The N i ( I I )  mixed complexes p repared  in  t h is  
work were expected  to  behave ve ry  s im i la r ly  to  th e  sim ple t r i s  forms 
s ince both  th e  b ip y r id in e  and p h e n a n th ro lin e  lig a n d s  were c lo s e ly
r e la te d
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3.3 THE PREPARATION AND RESOLUTION OF 1 ,10-PHKNANTHRQLINBBIS 
(2,2 *—BIPYRIDINE) NICKEL(II) CHLORIDE 5-HYDRATE AND 
2,2*—BIPYRIDINEBIS (1,10-PHENANTHRQLINE) NICKEL(II)
CHLORIDE 6-HYDRaT E .
The method used for the preparation of the mixed complexes 
kNi(bipy Xphen). 3C1^ and CNi(phen)(bipy )^lCln involved first the pre­
paration of the mono compounds 0Ni(bipy)C123 and CNi(phen)Cl23 . The 
mono complex was then reacted in alcoholic solution with two molecules 
of the other ligand to yield the mixed complex. The success of this 
method obviously depends upon the first ligand remaining firmly bound 
to the nickel. Indeed, with the monobipyridine nickel, some dissociation 
takes place in the time of the reaction, in spite of the ice-cold 
conditions employed. This created a complication, since on the addition 
of phenanthroline, CNi(phen>3JCl2 formed along with the desired 
LNi(bipy)(phen>23Cl2 . e.g.
CNi bipy C l ^  — * Ni2+ + bipy + 2Cl“
2+ 2+Ni + 3  phen— > CNi(phen)3J
Furthermore, the mixed ligand complex was resolved with sodium d-antimonyl 
tartrate, which also resolved the simple tris ion. As a result, the 
optically active material needed in the racemisation studies was con­
taminated by another impurity which also raceraised. This complicated the 
interpretation and increased the labour of the kinetic studies.
The preparation of the other mixed complex LNi(phen) (bipy )231C12> 
was not expected to present similar complications as the monophenan-
throline nickel(II) ion is known to be much slower to dissociate than
152 _ 2+its bipyridine analogue. It is true that some LNi(bipy)~3 ion
may be formed under the conditions employed, and would be co-resolved
along with the mixed complex upon the addition of sodium d arsenyl
5 7 .
t a r t r a t e .  No anom alous b e h a v io u r  c o u ld  be d e t e c t e d  i n  t h e  k i n e t i c  
s t u d i e s  u s in g  t h i s  m a t e r i a l ,  and i t  was c o n c lu d e d  t h a t  no s i g n i f i c a n t  
amount o f  t r i s b i p y r i d i n e  com plex  was p r e s e n t .
The r e a c t i o n s  used  t o  p r e p a r e  and r e s o l v e  b o th  mixed com plexes  
a re  c o n v e n ie n t l y  sum m arised be low .
3 .31 PREPARATIONS.
1 , 1 0 - P h e n a n t h r o l i n e b i s  ( 2 . 2 * -  B i p y r id i n e )  N i c k e l ( I I )  C h l o r id e  5 H y d r a t e .
1 , 1 0 ~ p h e n a n t h r o l i n e d i c h l o r o n i c k e l ( I I )  ( 8 .0 g )  ( f o r  p r e p a r a t i o n  see  s e c t i o n  
5.1 ) added w i t h  s h a k in g .  The m ix tu re  im m ed ia te ly  began  t o  t u r n  r e d ,  and 
w i t h i n  h a l f  a m inu te  a l l  b u t  a t r a c e  o f  t h e  i n i t i a l  mono com plex  rem ained  
u n d i s s o l v e d .  The s o l u t i o n  was now q u ic k ly  f i l t e r e d  and t h e  f i l t r a t e
Ni C l^  (100% e x c e s s '  1
dmf
Ni phen C l2
2 b ipy /C H 30H
dlS ^N i(phen)(b ipy  ) 2JC 12
1
d - k N i ( p h e n ) ( b i p y ) 3 (d -A s  0 t a r t )
I ^ 21
d - C N i ( p h e n ) ( b ip y ) 23(C104 ) 2
dC N i(b ipy )  (phen)^3  ( C I O ^ ^
t
d C N i(b ip y ) (p h e n )  3 ( d -S b  0 t a r t ) r
A ^ 2
T
d lC N i ( b ip y ) ( p h e n ) 2HCl2
2 , 2 * - b i p y r i d i n e  ( 8 .1 g )  was d i s s o l v e d  i n  m eth a n o l  (140m ls)  and
removed t o  an i c e - b a t h .  E t h e r  (680m l) ,  was g r a d u a l l y  added and th e
5 8 .
i n s i d e s  o f  t h e  f l a s k  s c r a t c h e d  w i th  a g l a s s  r o d ,  w hereon  a p in k  
c r y s t a l l i n e  p ro d u c t  was o b t a i n e d .  T h i s  was f i l t e r e d  o f f  a t  t h e  pump, 
washed t h r e e  t im e s  w i t h  e t h e r  and a llo w e d  t o  d ry  o v e r n i g h t  i n  a 
d e s i c c a t o r .  Y ie ld  1 6 . l g  (88% ).
A n a l y s i s .  C a l c d .  f o r  G lU C ^ H  N£ ) ( C ^ H g N ^ H C ^ . 5 H 20
C, 53 .94  ; H, 4 .7 7  ; N, 1 1 .7 9  :
Found C, 53 .74  ; H, 4 .8 4  ; N, 1 1 .84  :
2 . 2 t - B i p y r i d i n e b i s  ( 1 , 1 0 - P h e n a n t h r o l i n e ) N i c k e l ( I I )  C h lo r id e  6 H y d r a t e .
1 ,1 0  p h e n a n th r o l i n e  h y d r a t e  ( 1 0 .7 g ) ,  was d i s s o l v e d  i n  a b s o lu t e  
e t h a n o l  (9 0 m l) ;  2 , 2 ’- b i p y r i d i n e d i c h l o r o n i c k e K  I I )  ( 7 ,7 g )  ( f o r  p r e p a r a ­
t i o n  se e  s e c t i o n  5,H) was t h e n  added , and th e  f l a s k  s to p p e r e d  and shaken  
v i g o r o u s l y  f o r  s i x  m in u te s ,  w hereon  a l l  b u t  a t r a c e  o f  t h e  g r e e n  mono 
com plex  had d i s s o l v e d ,  g i v in g  a c l a r e t  r e d  s o l u t i o n .  The l a t t e r  was 
f i l t e r e d  and t o  t h e  f i l t r a t e  e t h e r  (300m l) was added g r a d u a l l y .  D uring  
t h i s  a d d i t i o n ,  t h e  f i l t r a t e  was c o o le d  i n  i c e  and t h e  i n s i d e s  o f  t h e  
f l a s k  were s c r a t c h e d  w i t h  a g l a s s  r o d .  The p in k  c r y s t a l l i n e  p roduce  
s e p a r a t e d  o u t  on t h e  s i d e s  o f  t h e  f l a s k .  The p ro d u c t  was f i l t e r e d  o f f  
a t  t h e  pump and washed t h r e e  t im e s  w i t h  e t h e r ,  f i n a l l y  b e in g  d r i e d  i n  a 
d e s i c c a t o r  o v e r n i g h t .  Y ie ld  1 8 , 5g . (93%).
A n a l y s i s .  C a l c d .  f o r  CNi(C1()H N ) ( C ^ H g N ^ H C ^ . 6 H 20
c , 54 .00 ; h , 4 .7 7 ; n , 11.1 :
Found C, 54 .47 ; h , 4 .7 6 ; n , 11.2 :
3 .3 2  RESOLUTIONS.
N.B. In  t h e  f o l l o w i n g  two r e s o l u t i o n s  i t  i s  t o  be u n d e r s to o d  t h a t  a l l  
f l a s k s  and s o l u t i o n s  were k e p t  w e l l  c h i l l e d ,  t o  r e d u c e  t h e  e x t e n t  
o f  any r a c e r a i s a t i o n  and d i s p r o p o r t i o n a t i o n  t h a t  m igh t  o c c u r .
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The P r e p a r a t i o n  o f  A c t iv e  1 , 1 0 - P h e n a n t h r o l i n e b i s  ( 2 .2 * - B i p y r i d i n e ) 
N i c k e l ( I I )  P e r c h l o r a t e  U sing  Sodium d - A r s e n y l t a r t r a t e .
Sodium d - a r s e n y l t a r t r a t e  was p r e p a r e d  a c c o r d in g  t o  t h e  method 
174o f  H enderson  and Ew ing. The r e s o l v i n g  a g e n t  c a l l s  f o r  comment,
s in c e  r e p e a t e d  r e c r y s t a l l i s a t i o n s  from  aqueous a l c o h o l  gave p r o d u c t s  
f o r  w h ich  th e  s p e c i f i c  r o t a t i o n  had th e  f o l l o w i n g  v a lu e s  ( u s i n g  a 2% 
s o l u t i o n  i n  a  2dra t u b e ) .
Ld-3D 1 s t r e c r y s t a l l i s a t i o n + 27°
It 2nd *» u + 26°
11 3rd M M + 21°
In  a d d i t i o n ,  th e  o b s e rv e d  r o t a t i o n  o f  a f r e s h  aqueous s o l u t i o n  f e l l
r a p i d l y  f o r  abou t f i v e  m in u te s  a f t e r  m ix ing  and t h e n  rem ained  c o n s t a n t .
The s p e c i f i c  r o t a t i o n s  above r e f e r  t o  t im e s  when th e  r o t a t i o n s  were
c o n s t a n t .  D e s p i te  t h e  l a c k  o f  s t a b i l i t y  i n  t h e  r e s o l v i n g  ag e n t  i t  a l lo w s
2+
t h e  p r e p a r a t i o n  o f  a c t i v e  U N i(b ip y )2 (phen)H io n  i n  good y i e l d .
A s o l u t i o n  o f  d - a r s e n y l t a r t r a t e  ( 4 .4 g )  i n  i c e - w a t e r  (55m l) was 
added t o  a s o l u t i o n  o f  1 , 1 0 - p h e n a n t h r o l i n e b i s  ( 2 ,2  b i p y r i d i n e )  n i c k e l ( I I )  
c h l o r i d e  5 h y d r a t e  (10g )  i n  i c e - w a t e r  ( 1 4 0 m l) .  On s c r a t c h i n g 1th e  b u f f  
c o lo u r e d  d e x t r o  d i a s t e r e o i s o r a e r  p r e c i p i t a t e d .  A f t e r  b e in g  c o o le d  i n  ic e  
f o r  abou t  1 m in . t h e  p r o d u c t  was f i l t e r e d  o f f  r a p i d l y  a t  t h e  pump. I t  
was washed w e l l  s i x  t im e s  w i t h  i c e - w a t e r ,  t h e n  w i t h  a c e to n e ,  and f i n a l l y  
d r i e d  i n  a d e s i c c a t o r  o v e r n i g h t .  Y ie ld  5 .3 g .  The d i a s t e r e o i s o m e r  was 
s p l i t  by g r i n d i n g  w i t h  sodium  p e r c h l o r a t e  s o l u t i o n .  The p in k  a c t i v e  
com plex  p e r c h l o r a t e  so o b t a i n e d  was f i l t e r e d  o f f  a t  t h e  pump and washed 
w e l l  w i t h  1% sodium  p e r c h l o r a t e ,  t h e n  i c e - w a t e r ,  and f i n a l l y  e t h e r .
Y ie ld  o f  d C N i(b ip y )2 (p h en )3 (C 1 0 4 ) 2 3 .3 g  (33%).
60
The s o l i d  was t e s t e d  f o r  t h e  c o m p le te  rem oval o f  t h e  r e s o l v i n g  
/ 175a g e n t  by u s in g  G u t z e i t s  t e s t  f o r  a r s e n i c .  R e p r e c i p i t a t i o n  from  90%
a c e to n e  w i t h  sodium  p e r c h l o r a t e  was s u f f i c i e n t  i f  f u r t h e r  p u r i f i c a t i o n  
was n e e d e d .
The p r o d u c t  ra c e m is e d  r a p i d l y  i n  w a te r  b u t  i n  m e th a n o l  t h e
r a c e r a i s a t i o n  r a t e  was g r e a t l y  red u c e d  ( c f .  s e c t i o n  2 , 4 ) .  A 0,1%
m e th a n o l i c  s o l u t i o n  i n  a 2 dm tu b e  gave r e s p e c t i v e l y  + 1*74° and
0^  _. + 1 .4 5 °  whence l/* □ = +870° and ^  = 7 2 5 ° .D 5461 D
The P r e p a r a t i o n  o f  A c t iv e  2 .2  ^ B i p y r i d i n e b i s  ( l t 1 0 - P h e n a n t h r o l i n e ) 
N i c k e l ( I I )  P e r c h l o r a t e  U sing  Sodium d - A n t i m o n y l t a r t r a t e .
Racemic 2 , 2 * - b i p y r i d i n e b i s  ( 1 , 1 0 - p h e n a n t h r o l i n e ) n i c k e l ( I I )
c h l o r i d e  6 - h y d r a t e  ( 1 0 g ) ,  was d i s s o l v e d  i n  w a te r  (1 3 0 m l) ,  and sodium
d - a n t i m o n y l t a r t r a t e  (5 g )  i n  w a te r  (120m l) added t o  t h e  c o ld  s o l u t i o n .
The b u f f  c o lo u r e d  d e x t r o  d i a s t e r e o i s o m e r  p r e c i p i t a t e d .  The m ix tu re  was
c o o le d  i n  an i c e - b a t h  and t h e  p r o d u c t  f i l t e r e d  o f f  a t  t h e  pump. I t  was
washed w e l l  w i t h  i c e - w a t e r  and t h e n  a c e to n e ,  b e f o r e  a l lo w in g  t o  d ry  i n
a vacuum d e s i c c a t o r .  Y ie ld  7 . 3 g .
The r e s o l v i n g  a g e n t  was removed by g r i n d i n g  th e  d i a s t e r e o i s o m e r
w i t h  sodium  p e r c h l o r a t e  s o l u t i o n .  The p in k  a c t i v e  com plex  p e r c h l o r a t e  so
form ed was f i l t e r e d  o f f  a t  t h e  pump, b e in g  washed in  t u r n  w i t h  1% sodium
p e r c h l o r a t e  s o l u t i o n ,  i c e - w a t e r ,  and f i n a l l y  e t h e r .  Y ie ld  4 .7 g  (45% ).
A 0.08% s o l u t i o n  i n  m e th a n o l  i n  a 2dm tu b e  gave r e s p e c t i v e l y  ^  + 2 .60
and + 2 .2 0  whence = + 1 ,6 2 5 °  and = + 1 ,3 7 5 ° .
D 5461 D
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CHAPTER FOUR
4 .0  THE PREPARATION AND RESOLUTION OF POTASSIUM 2,2» BIPYRIDINEDIOXALATO 
CHROMATE(III) AND POTASSIUM 1 . lO-PHENANTHRQLINEDIOXALATO CHROMATE 
( I I P  .
B oth th e  above com plexes w ere p re p a re d  from  th e  c o r re s p o n d in g
mono b ip y r id in e  o r  p h e n a n th r o l in e  compounds by th e  a d d i t io n  o f  two
m o le c u le s  o f  p o ta s s iu m  o x a la t e  i n  h o t aqueous form am ide s o l u t i o n .  The
com plexes  w ere i s o l a t e d  as t h e i r  ba riu m  s a l t s  and c o n v e r te d  t o  th e
p o ta s s iu m  s a l t s  by d o u b le  d e c o m p o s itio n  w ith  p o ta s s iu m  s u lp h a t e .  They
have b een  r e s o lv e d  u s in g  th e  o p t i c a l l y  a c t i v e  EjCo(en)2 (o x )3 + io n .  The
l a s t  m en tio n ed  was r e s o lv e d  by p r e c i p i t a t i o n  as th e  brom ide in  th e
p re s e n c e  o f  th e  o p t i c a l l y  a c t i v e  u C o (en )3-3 i o n .  Two new m ethods f o r
r 3+th e  p r e p a r a t i o n  o f  a c t i v e  ü C o (en )J  have been  em ployed*
4 .  i  EXPERIMENTAL.
In  th e  p r e p a r a t i o n s  d e s c r ib e d  below  th o s e  q u a n t i t i e s  in  
p a r e n th e s e s  g iv e n  f i r s t  and l e t t e r e d  ( a )  r e f e r  t o  th e  2 , 2 * - b ip y r id in e  
com plex  and th o s e  l e t t e r e d  (b )  r e f e r  to  th e  1 , 1 0 - p h e n a n th ro l in e  c o u n te r ­
p a r t  •
A l l  r o t a t i o n s  have been  m easu red  in  a  1dm tu b e  3 -5  m in u te s  
a f t e r  d i s s o l u t i o n .
4 .1 1  BARIUM 2 .2 » -BIPYRIDINE OR 1 , 10-PHENANTHRQLINE DIOXALATO 
C HROMATE(III) .
P o ta ss iu m  o x a la t e  1 - h y d ra te  ( ( a )  5 .5 g  (b )  6 .3 g )  was d i s s o lv e d
in  b o i l i n g  1 : 1 fo rm a m id e -w a te r  ( ( a )  30ml (b )  1 8 0 m l). To th e  n e a r
X
b o i l i n g  s o lu t i o n  was added C r (b ip y  o r  p hen ) C l^  dmf ( ( a )  5 .6 4 g  (b )  7 g ) .  
The m ix tu re  was h e a te d  f o r  1^ m in . d u r in g  w h ich  th e  c o lo u r  changed  to  a 
d e e p - r e d .  The s o l u t i o n  was t h e n  f i l t e r e d  to  remove some g rey  m a t e r i a l
Vf F o r p r e p a r a t i o n  se e  s e c t i o n  5.11*
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and b a r iu m  c h l o r i d e  2 - h y d r a t e  (4 -5 g )  i n  w a te r  (1 0 -1 5 m ls )  added t o  
p r e c i p i t a t e  t h e  p u r p l e - r e d  ba rium  s a l t .  ( Y ie ld s  ( a )  6g (b )  7 . 6 g ) .  The 
b a r iu m  2 , 2 * - b i p y r i d i n e  d i o x a l a t o  c h r o m a t e ( I I I )  c o u ld  be r e c r y s t a l l i s e d  
from  h o t  w a te r  (700 m l) ,  some i n s o l u b l e  w h i te  m a t e r i a l  (b a r iu m  o x a l a t e )  
b e in g  f i l t e r e d  o f f .  On ad d in g  ba rium  c h l o r i d e  (2 g )  t o  t h e  f i l t r a t e  and 
c o o l i n g  i n  i c e  a r e d  c r y s t a l l i n e  p r o d u c t  was o b t a i n e d .  T h i s  was washed 
w i t h  i c e - w a t e r  t h e n  a c e to n e  ( Y ie ld  4 .7 g ,  677c). A sample o f  th e  
p h e n a n t h r o l i n e  a n a lo g u e  was p u r i f i e d  f o r  a n a l y s i s  by c o n v e r s io n  t o  t h e  
p o t a s s iu m  s a l t  ( s e e  l a t e r )  and r e p r e c i p i t a t e d  as  t h e  barium  s a l t .
C a lcd  • f o r  BaECrCC^ H ^ K C ^ ) ^  .3H20 
C, 35 .00  ; H, 2.317c 
Found C, 3 4 .9 0  ; H, 1 . 21%
C a lc d .  f o r  B a & K C ^ H ^ K C ^ ^ I l ^ i y )
C, 3 7 .4 7  ; H, 2 .3 6 ;  N, 5.477c 
Found C, 3 7 .4 8  ; H, 2 .3 1 ;  N, 5.317c
4 .1 2  BIS(1.10-PHENANTHR0LINE) OXALATO CHROMIU M (III)  IODIDE.
C C r(phen)2Cl^UCl was p r e p a r e d  by a method a n a lo g o u s  t o  t h a t  
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d e s c r i b e d  f o r  L C r ( b ip y ^ C l r ^ C l  e x c e p t  t h a t  t h e  brown c r y s t a l l i n e  
p r o d u c t  was p r e c i p i t a t e d  by t h e  a d d i t i o n  o f  e t h e r .  A s o l u t i o n  o f  
p o ta s s iu m  o x a l a t e  ( 0 .2 0 g ,  0 .5 m o l)  p l u s  p o ta s s iu m  hyd rogen  o x a l a t e  
( 0 .2 7 g ,  0 .5 rao l)  i n  abou t  10ml o f  w a t e r  was t r e a t e d  w i t h  0.2N p o ta s s iu m  
h y d ro x id e  t o  g iv e  a pH o f  4 - 5 .  C C ^ p h e n ^ C l^ D C l  ( l * 5 g ,  lm o l)  was t h e n  
added and t h e  m ix tu re  h e a te d  t o  b o i l i n g  f o r  5 m in s . j  d u r in g  th e  h e a t i n g  
th e  c o l o u r  changed  s lo w ly  t o  a deep  r e d .  S o l id  p o ta s s iu m  io d id e  (5g )  
was t h e n  added t o  p r e c i p i t a t e  a red -b ro w n  com plex  w hich  upon r e ­
c r y s t a l l i s a t i o n  from  b o i l i n g  w a t e r  (260m l) y i e l d e d  0 .8 g  o f  o r a n g e - r e d
6 3 .
m a t e r ia l .  The c o n d u c t iv i t y  o f  an aqueous s o lu t io n  was 95mhos c o r r e s ­
p o n d in g  to  a 1 : 1 e le c t r o l y t e .
C a lcd  • f o r  C C rC C -^ H g N ^ C C ^ ) ! ]  I
C, 4 9 .7 8  ; H, 2 .5 7  ; N, 8.93%
Found C, 4 9 .8 6  ; H, 2 .8 0  ; N, 8.75%
4 .1 3  d1-POTASSIUM 2 .2 * -B IPYR ID IN E OR l t lO-PHENANTHROLINBBIOXALATO 
C H R O M A T E (III).
The b a riu m  s a l t  ( ( a )  4 .7 g  ( b )  7 .3 g )  was suspended in  h o t 
w a te r  ( ( a )  40m l ( b )  50m l) and th e  t h e o r e t i c a l  amount o f  p o ta s s iu m  
s u lp h a te  r e q u ir e d  to  c o n v e r t  th e  b a riu m  to  b a riu m  s u lp h a te  added .
The m ix tu re  was h e a te d  to  b o i l i n g  and s t i r r e d  f o r  about 3 m in s .  The 
b a riu m  s u lp h a te  s e t t le d  o u t and th e  m ix tu re  was a llo w e d  to  age \ h r .  
on th e  steam  b a th  b e fo re  b e in g  f i l t e r e d .  The d e e p -re d  f i l t r a t e  was 
e v a p o ra te d  down to  a vo lum e o f  40m ls and c o o le d  in  ic e  to  o b ta in  
p u r p le - r e d  c r y s t a ls  o f  th e  p o ta s s iu m  s a l t .  More p ro d u c t was o b ta in e d  
by e v a p o ra t in g  down th e  m o th e r l i q u o r s ,  a d d in g  e th a n o l and c o o l in g  in  
an ic e  b a th .  The c r y s t a ls  w ere washed w i t h  80% e th a n o l and f i n a l l y  
a c e to n e . They were d r ie d  in  a vacuum d e s ic c a to r  o v e r  c a lc iu m  c h lo r ­
id e .  Y ie ld s  w ere ( a )  4g ( b )  4 ,8 g  ( i . e .  ca  65% based on th e  amount 
o f  mono c o m p le x ) .
C a lc d .  f o r  K fc r ( C ln H N  )(C  0 ) 3 £ .H _0  
10 8 2  2 4 2  2
C, 3 8 .6 0  ; H, 2 .1 0  ; N, 6.47%
Found C, 3 3 .5 8  ; H, 2 .2 7  ; N, 6.45%
C a lc d .  f o r  KÜCr(C12HgN2 )(C 204 ) 23
C, 4 2 .9 6  ; H, 1 .8 0  ; N, 6.26%
Found C, 4 2 .9 4  ; H, 1 .7 4  ; N, 6.17%
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4.2 THE RESOLUTION OF THE TRIS(ETHYLENEDIAMINE) COBALT(III) ION.
Tris(ethylenediamine) cobalt(III) chloride was first prepared 
4by Werner . Resolution was effected through the chloride d-tartrate
which was obtained by allowing the chloride (lmol) to react with silver
d-tartrate (lmol). The correct ratio of chloride ion to tartrate ion
is important and this has meant that it is necessary to isolate the
pure solid chloride, the synthesis of which has been described by 
206Work. In the present method the less soluble diastereoisomer is
isolated directly and the expensive and unstable silver d-tartrate is 
replaced by barium d-tartrate. The addition of activated carbon ensures 
rapid oxidation of the initial cobalt(II) complex, and eliminates small 
amounts of by-products of the reaction.
Procedure:
A 500ml filter flask was fitted with a rubber stopper carry­
ing an open glass tube to the bottom of the flask, and 20.4ml of 88.67«
*
w/v ethylenediamine (0.3mol) added. This was diluted with water (50ml);
# *
the mixture was cooled in ice and 10ml of 10 N. hydrochloric acid added. 
Cobalt(II) sulphate 7-hydrate, (28.1g; O.lmol) dissolved in cold water 
(50ml) was then added, and finally activated charcoal (4g). A rapid 
current of air was passed for 4 hours. At the end of this time the pH 
of the mixture was adjusted by the addition of a few drops of either 
dilute hydrochloric acid or ethylenediamine into the range 7.0-7.5.
%  The exact composition of the ethylenediamine should be determined by 
dilution of a known volume with water and titration with standard 
acid, using methyl orange as the indicator. It is not necessary to 
take the concentrations quoted.
M  An equivalent amount of weaker or stronger acid can be used.
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The mixture was heated in an evaporating dish on the steam bath for 
ten to fifteen minutes to complete the reaction, cooled and the charcoal 
filtered off. The charcoal was washed with 20 ml. water. Barium 
d-tartrate^ (O.lmol) was added and the mixture heated on the steam bath 
with good mechanical stirring for about half an hour. The barium sui-
tfphate was filtered off and washed with a little hot water, and the 
orange-red filtrate evaporated to a volume of 50ml. Crystallisation of
D-tris(ethylenediamine) cobalt(III) chloride d-tartrate 5-hydrate ensued
*on cooling and was completed by allowing to stand overnight. The
crystals were filtered off and the filtrate reserved for the isolation
of the levo isomer. The crystals were washed with 40% ethanol-water and
recrystallised by dissolving in 30-32ral of hot water followed by cooling
to room temperature and then in ice. After filtration the crystals were
washed with 40% ethanol-water, then with absolute ethanol and air dried.
**The yield of the optically pure isomer, 102° was 21g.
Calcd. for Co(C2HgN2)3 Cl . C ^ O g  .5H20 
C, 23.41 ; H, 7.47%
Found C, 23.30 ; H, 7.44%
^Prepared by mixing solutions of barium chloride 2-hydrate (24.4g 0.1m) 
and sodium potassium tartrate 4-hydrate, 28.2g (O.lmol) at 90°C, 
cooling, filtering and washing with warm water. The precipitate and 
filter paper are added.
^|At equilibrium a small amount of sulphate ion remains in solution. 
This does not affect the composition of the diastereoisomer that 
crystallises,
The solution may be cooled in ice when very small crystals result.
o 4«■^The values quoted for the specific rotation are 101 (Werner ),
103° (Busch207).
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D e x tro  I o d i d e :
The p u re  c h l o r i d e - d - t a r t r a t e  was d i s s o l v e d  i n  30ml o f  h o t  
w a t e r ,  c o n c e n t r a t e d  ammonia s o l u t i o n ,  (0 .5 m l )  was added , fo l lo w e d  w i th  
s t i r r i n g  by 35g o f  sodium  i o d id e  d i s s o l v e d  i n  15ml o f  h o t  w a t e r .  The 
io d id e  c r y s t a l l i s e s  as  r e d d i s h - o r a n g e  n e e d le s  on  c o o l i n g .  Com plete  
c r y s t a l l i s a t i o n  was e f f e c t e d  by c o o l i n g  i n  i c e  f o r  15 m in u t e s .  A f t e r  
f i l t r a t i o n  th e  c r y s t a l s  were sucked  v e ry  d ry  and washed w i t h  i c e  c o ld  
30% sodium  io d id e  (20m l)  t o  remove t a r t r a t e  and t h e n  w i th  a l c o h o l  and 
a c e t o n e .  The y i e l d  o f  t h e  a i r  d r i e d  p r o d u c t  + 89°, was 24g (35% ).
C a lcd  • f o r  Co(C2H8N2 ) 3 l 3* * 2 °
c, 1 1 .26  ; H, 4.11%
Found c , 1 1 .4 3  ; H, 4.01%
Levo I o d i d e :
The levo  t r i s - ( e t h y l e n e d i a m i n e ) c o b a l t ( I I I )  c h l o r i d e  d - t a r t r a t e  
r e m a in in g  i n  t h e  s o l u t i o n  above was t r e a t e d  w i t h  c o n c e n t r a t e d  ammonia 
s o l u t i o n  ( 0 .5 m l)  and t h e  m ix tu re  h e a te d  t o  abou t 80°C. S o l id  sodium 
io d id e  (3 5 g )  was s t i r r e d  i n  and th e  whole c o o le d  i n  i c e .  The impure le v o  
io d id e  was f i l t e r e d  o f f  and washed w i t h  i c e  c o ld  30% sodium io d id e  (25m l)  
and t h e n  w i t h  a l c o h o l  and a i r  d r i e d .  Y ie ld  2 7 g .  P u r i f i c a t i o n  was e f f e c t ­
ed by s t i r r i n g  t h e  w hole  o f  t h e  c ru d e  m a t e r i a l  i n t o  65 m l .  o f  w a te r  
h e a te d  t o  50°C. The rac e m a te  rem ained  u n d i s s o l v e d  and was f i l t e r e d  o f f .  
Sodium i o d id e  (1 0 g )  was added t o  t h e  warm f i l t r a t e  (5 0 ° )  and c r y s t a l l ­
i s a t i o n  a l lo w e d  t o  t a k e  p l a c e .  A f t e r  c o o l i n g  i n  i c e ,  t h e  s u b s ta n c e  was 
f i l t e r e d  o f f ,  washed w i t h  a l c o h o l  and t h e n  a c e to n e  and a i r  d r i e d .  The
y i e l d  i s  18g (26%), Cd/3“  " 9 0 °
C a l c ,  f o r  Co(C 2 HgN2 > 3  I 3 .1Ho0 
C, 11.26% ; Hf 4.11%
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Found C,  11.43% ; H, 4.01%
P r o p e r t i e s :
D ex tro  and le v o  t r i s - C e t h y l e n e d i a m i n e ) c o b a l t ( I I I )  io d id e
1—h y d r a t e s  c r y s t a l l i s e  i n  deep  o ran g e  n e e d le s  o r  rhom bs. The rac e m ic
phase  w hich  s e p a r a t e s  as t h e  1 - h y d r a t e  i s  much l e s s  s o lu b l e  i n  w a t e r ,
R a c e m is a t io n  e n s u e s  when th e  s u b s ta n c e  i s  h e a te d  t o  110°C i n  t h e  s o l i d
20 8s t a t e  i n  a s e a l e d  t u b e “ o r  i n  aqueous s o l u t i o n  i n  t h e  p r e s e n c e  o f  
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c h a r c o a l  and f i n e l y  d i v id e d  m e t a l s .  In  t h e  absence  o f  t h e s e  
c a t a l y s t s  s o l u t i o n s  i n  w a te r  o r  d i l u t e  a c id  a re  s t a b l e  e v e n  a t  100°C,
4
A l k a l i  c a t a l y s e s  r a c e m i s a t i o n  and d e c o m p o s i t io n  i n  h o t  s o l u t i o n .
4 .2 1  ALTERNATIVE PREPARATION OF DEXTRO TRIS-(ETHYLENEDIAMINS) COBALT(III) 
IODIDE BY A PARTIAL ASYMMETRIC SYNTHESIS .
Co T a r t .  + 2 e n . — > d ECo e n 2T a r t 3 ° —1 LECo e n 2T a r t , 3 °
Co T a r t .  + 3 e n . — * DECo e n j T a r t . ^ r i  LECo e n ^ l  T a r t .
DECo e n 2T a r t . 3 °  + HC1 + 0 2 —  ^ d ECo e n 2T a r t  .3C1 
LECo e n 2T a r t . 3 °  + HC1 + 02 —> LÜCo e n 2T a r t . 3 C l
d ECo e n 2T a r t . 3 C l  + e n  —v DECo en^DCl T a r t . ^
slow
LÜCo e n 2T a r t . 3 C l  + e n  — LLCo engüCl T a r t ,  ( s o l u b l e )
DLCo e n g D T a r t . t  HC1 + 02 — > dECo en^BCl T a r t
lECo e n o3 T a r t .  + HC1 + 0 2 — > L(Co e n ^ C l  T a r t ,  ( s o l u b l e )
3+ 24* — 2”“ 2+
LECo en^3 + d ECo e n j  + C l + T a r t  —> LÜCo en^D +
d ECo en^ECl T a r t . 4
The p ro c e d u r e  w hich  i s  i l l u s t r a t e d  by t h e  above s e r i e s  o f  
r e a c t i o n s  com bines  t h e  s t e r e o s p e c i f i c  i n f l u e n c e  o f  d - t a r t r a t e  io n  w i t h
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a second  o r d e r  a sym m etr ic  s y n t h e s i s  i n  o r d e r  t o  o b t a i n  a lm o s t  e x c l u s i v e l y
th e  d e x t r o  isom er  o f  t h e  t r i s - C e t h y l e n e d i a m i n e ) c o b a l t ( I I I )  i o n .
209B a i l a r  and c o -w o rk e r s  have shown t h a t  t h e  s y n t h e s i s  o f  
d - t a r t r a t o - b i s - ( e t h y l e n e d i a r a i n e )  c o b a l t ( I I I )  io n  y i e l d s  u n e q u a l  amounts 
o f  t h e  D and L i s o m e rs ,  and when a llo w e d  t o  r e a c t  w i t h  e th y l e n e d ia m in e  
an e x c e s s  o f  d e x t r o  t r i s - ( e t h y l e n e d i a m i n e ) c o b a l t ( I I I )  io n  r e s u l t s .  
Busch207 c r y s t a l l i s e d  a m ix tu re  o f  D and L U C oC en^ lC l d - T a r t  • u n t i l  
much o f  t h e  l e s s  s o l u b l e  D - d i a s t e r e o i s o m e r  had s e p a r a t e d ,  and t h e n  i n  
t h e  ab sen ce  o f  oxygen  i n t r o d u c e d  a l i t t l e  D,L-CCo eno3C l2 . E l e c t r o n  
t r a n s f e r  r a c e m i s a t i o n  o f  t h e  L - d i a s t e r e o i s o m e r  o c c u r r e d  w i t h  f u r t h e r
s e p a r a t i o n  o f  t h e  D - d i a s t e r e o i s o m e r . In  t h i s  way, more t h a n  a 70% y i e l d
_ 3+
o f  t h e  D -uC o(en)oJ  io n  was o b t a i n e d .
In  t h e  p r e s e n t  method u n t i l  o x i d a t i o n  i s  c o m p le te  some 
2+u C o(en )3J io n  i s  p r e s e n t  t o  b r in g  ab o u t  e l e c t r o n  t r a n s f e r  r a c e m i s a t i o n .  
The n e c e s s a r y  c o n d i t i o n  o f  s e p a r a t i o n  o f  a s o l i d  phase  i s  a c h ie v e d  by 
p e r fo rm in g  t h e  r e a c t i o n  i n  25 -30  % a l c o h o l i c  s o l u t i o n ,  i n  w h ic h  
D-CCo(en)o3Cl d - T a r t .  a lo n e  i s  s p a r i n g l y  s o l u b l e .  A d d i t io n  o f  a l i t t l e  
a c t i v a t e d  c a rb o n  f a c i l i t a t e s  o x i d a t i o n  and, as  w e l l ,  e n s u r e s  r a p i d  
e q u i l i b r i u m  be tw een  t h e  v a r i o u s  p r o d u c t s .
P r o c e d u r e :
S o l u t i o n s  o f  c o b a l t ( I I )  s u lp h a t e  7 - h y d r a t e  ( 2 8 . l g  O .lm o l)  and 
sodium d - t a r t r a t e  ( 2 3 . Og O .lm o l)  e a c h  d i s s o l v e d  i n  50ml o f  w a te r  a t  65°C 
were mixed and s t i r r e d .  A f t e r  abou t a m in u te  p u r p l e - r e d  c o b a l t ( I I )  
t a r t r a t e  s e p a r a t e d  and t h e  m ix tu re  was m a in ta in e d  a t  65°C f o r  f i f t e e n  
m in u te s  t h e n  c o o le d  i n  i c e  and f i l t e r e d .  The p r e c i p i t a t e  was washed 
w i t h  50m l. o f  i c e  w a t e r ,  t h e n  a c e to n e  and a i r  d r i e d .  E th y le n e d ia m in e ,
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*(20.4ral of 88.6% w/v ; 0.3mol) was placed in a 500ml filter flask 
fitted with a rubber stopper and a wide glass tube for the entry of air. 
After dilution with water (50ml) and ethanol (30ml) the solution was 
cooled in ice. Hydrochloric acid (10ml of ION. O.lmol) was now added 
and the solution cooled to 4-8°C. The cobalt tartrate was added gradual­
ly with stirring and a red colour changing to orange was obtained. 
Finally, animal charcoal (4g) was added and a stream of air sucked 
through for two hours. The orange diastereoisomer commenced to separate 
within fifteen to thirty minutes.
The product, mixed with charcoal, is filtered off^ and washed 
with 40% ethanol (60ml) the washings being discarded. The diastereoisom­
er is then extracted from the charcoal with successive portions of hot
iwater (60°G). The final wash portion should be colourless and usually 
300ml will suffice.
The extract is evaporated to a volume of 50ml and on cooling 
in ice the pure diastereoisomer separates as orange-yellow crystals,
C&3 = + 103°; yield 40-41g or 78-82% on the assumption of complete 
conversion to one isomer.
Conversion to the iodide = + 91° is effected as in the
previous synthesis. The yield is 43-44g or 60-65%.
The concentrations were not critical but must be known in order to 
preserve the correct ratio.
Sufficient to make the final solution 25% by volume of ethanol. It 
was important that the percentage did not exceed 30% otherwise the D 
and L tartrates, not the chloride d-tartrate, separated with very 
poor resolution.
The rate of air flow should be sufficient to keep the charcoal in 
suspension and prevent blocking of the tube.
ftAddition of sodium iodide to the filtrate yields only a little 
racemic CCo^n)^-! I3.
/ Care must be taken that the water temperature is not above 60°C or 
the extraction prolonged, otherwise racemisation is brought about 
by the charcoal and the yield is lowered.
70
4.3 THE RESOLUTION OF BIS(ETHYLENEDIAMINE) OXALATO COBALT(III) BROMIDE 
BY MEANS OF THE TRIS(ETHYLENEDIAMINE) COBALT(III) ION.
Bis(ethylenediamine) oxalato cobalt(III) bromide was prepared
210by the method of Dwyer and Reid. A sample (8,5g) was converted to
the acetate by shaking vigorously with silver acetate (ca.4g) suspended 
in hot water (73ml, 70°C). The silver bromide was filtered off and to 
the filtrate was added a solution of dextro tris(ethylenediamine)
■Vcobalt(III) acetate. A solution of potassium bromide (20% w/v) was next 
added gradually in the following portions to precipitate the optically 
active bromide.
After each addition the crystals precipitated were filtered 
off from the cold solution and the next portion of potassium bromide 
added to the filtrate. Each fraction collected was washed well with 
ice-water. All rotations were measured in the sodium D line using a 
0.25% solution in a 1dm tube.
No. mis. KBr. Yield of 
bromide (g)
(1) 5 1.3 -796
(2) 3 0.8 -796
(3) 5 1.6 +492
(4) 4 0.3 +236
(5) 5 1.0 +428
Fractions (1) and (2) were combined and recrystallised from
water (100ml) containing potassium bromide (0.5g). A sample gave
-812 and the yield was 1.7g corresponding to 40% based on a 
theoretical yield of 4.25g of the levo isomer. One recrystallisation
* Prepared from the dextro CCo^n).^ I3(12.9g) (section 4.2) by shaking 
with silver acetate (ca.IOg) in 80ml hot water, filtering off the 
silver iodide and evaporating down the filtrate to a volume of 18ml.
71
o f  f r a c t i o n s  ( 3 ) ,  ( 4 )  and ( 5 )  from  h o t  w a te r  (90m l)  gave 1 .5 g  (35%) o f  
t h e  d e x t r o  iso m er  h a v in g  + 812 .
C a lc d ,  f o r  EjCo(C2HgN2)2^C2 ° 4 ^ Br 
C, 1 9 .7 3  ; H, 4.97%:
Found C# 1 9 .8 3  ; H, 4.99%
The above r e s o l u t i o n  was a l s o  c a r r i e d  o u t  by r e p l a c i n g  th e  
d e x t r o  t r i s ( e t h y l e n e d i a m i n e ) c o b a l t ( I I I )  com plex  w i t h  e i t h e r  a 10 p e r c e n t  
s o l u t i o n  o f  ammonium d -cam p h o r-1 0  s u lp h o n a te  o r  ammonium d - t a r t r a t e .  
F r a c t i o n a l  p r e c i p i t a t i o n  and r e c r y s t a l l i s a t i o n  i n  a manner s i m i l a r  t o  
t h a t  d e s c r i b e d  above gave lo w er  y i e l d s ,  ( e . g .  a p p ro x im a te ly  20% o f  e a c h  
isom er  c a l c u l a t e d  as  b e f o r e ) .  A lso  t h e  i n i t i a l  p r e c i p i t a t e s  were o f
o p p o s i t e  s i g n  t o  t h e  one o b t a i n e d  i n  th e  p r e s e n c e  o f  t h e  a c t i v e  
3+uCo(en)g3 i o n .
4 .3 1  d POTASSIUM 2 . 2 t~BIPYRIDINE DI0XALAT0 CHR0MATE(III) .
Racemic p o ta s s iu m  2 , 2 * - b i p y r i d i n e  d i o x a l a t o  c h ro m a te ( I I I )  
( 1 .9 5 g )  was d i s s o l v e d  i n  w a te r  ( 2 5 m l) .  A s o l u t i o n  o f  d e x t r o  b i s ( e t h y -  
l e n e d ia m in e )  o x a l a t o  c o b a l t ( I I I )  c h l o r i d e  2 - h y d r a t e  ( 0 .8 g  i n  20ml a t  
35°C) was ad d e d .  Im m e d ia te ly ,  p in k  n e e d le s  o f  t h e  d i a s t e r e o i s o m e r  com­
menced t o  s e p a r a t e  o u t .  The m ix tu re  was c o o le d  i n  an i c e - b a t h  f o r  1-2  
m in u te s  and f i l t e r e d .  The p r o d u c t  was washed t h r e e  t im e s  w i t h  i c e - w a t e r  
and f i n a l l y  w i t h  a c e t o n e .  I t  was d r i e d  i n  a vacuum d e s i c c a t o r  o v e r  
c a lc iu m  c h l o r i d e .  Y ie ld  1 .1 3 g  (38% ).
A 0.1% s o l u t i o n  gave +890; a 0.02% s o l u t i o n  gave
L C t]5461 + 1 . 3 5 0 *
*  An a lm ost q u a n t i t a t i v e  y i e l d  o f  o p t i c a l l y  a c t i v e  m a t e r i a l  c o u ld  be 
o b t a in e d  by t h e  a d d i t i o n  o f  more r e s o l v i n g  a g e n t  and h e a t i n g  th e  
s o l u t i o n ;  on c o o l i n g  more d i a s t e r o i s o m e r  s e p a r a t e s .  T h i s  second  
o r d e r  a sym m etr ic  t r a n s f o r m a t i o n  c o u ld  a l s o  be c a r r i e d  o u t  on th e  
an a lo g o u s  p h e n a n t h r o l i n e  co m p lex .
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Calcd• for dCCo(C2H8N2)2(C204)DdCCrCC10H8N2)(C204)23^H20 
C, 36.34 ; H, 3.S2 ; N, 12.72%
Found C, 36.29 ; H, 3.91 • N, 12.79%
The diastereoisomer was converted to the potassium salt by 
grinding with a total of lOmls of 20% potassium iodide in a chilled 
mortar. The iodide of the resolving agent was filtered off and the 
filtrate collected in a chilled flask. The potassium salt was pre-y
cipitated by the gradual addition of cold ethanol (25mls) accompanied 
by scratching of the insides of the flask with a glass rod. After 
cooling in ice for 1-2 minutes the product was filtered off, washed with 
95% ethanol and finally acetone. It was dried in a vacuum desiccator
iover calcium chloride. Yield 0.48g (43%) . A 0.1% solution gave 
+670, and a 0.02% solution gave ^^^5401 + 1,200.
Calcd. for d KECr(C10HgN2)(C204)^33H20
C, 35.17 ; H, 2.95 ; N, 5.87%
Found c, 35.33 • H, 2.56 ; N, 5.89%
4.32 d POTASSIUM, 1.10-PHENANTHROLINB DI0XALAT0 CHRQMATE(III).
Racemic potassium 1,10-phenanthroline dioxalato chromate(III)
(2g) was dissolved in water (30ml) and to this was added l-bis(ethylene- 
diamine) oxalato cobalt(III) chloride (0.76g) in warm water (20ml; 30°C).
On scratching the insides of the flask a pink diastereoisomer was obtained. 
After cooling in ice, the product was filtered off and washed with ice- 
water followed by acetone. It was dried in a vacuum desiccator over
^ If the addition is completed too rapidly the product will be of small 
particle size and less pure. On filtration it tends to form a red 
gum.
^Calculated on the basis of a maximum of lg of each isomer from 2g of 
racemic starting material.
7 3 .
c a lc iu m  c h l o r i d e *  Y ie ld  1 .0 4 g  (35% ), A 0*1% s o l u t i o n  gave +  140 .
C a l c d • f o r  lCCo(C2H8N2 ) 2 (C204 )Dd£Cr(C12H8N2 )(C 204 ) 23 
C, 3 9 ,1 0  ; H, 3 .5 7  ; N, 12.43%
Found C, 3 9 .0 7  ; H, 3 .4 7  ; N, 12.38%
The d i a s t e r e o i s o m e r  ( l g )  was g round  i n  a c h i l l e d  m o r ta r  w i th  
lOmls o f  20% p o ta s s iu m  io d id e  s o l u t i o n  and th e  io d id e  o f  t h e  r e s o l v i n g  
a g e n t  f i l t e r e d  o f f ,  t h e  f i l t r a t e  b e in g  c o l l e c t e d  i n  a c h i l l e d  f l a s k .
The r e s i d u e  was washed w i t h  4mls o f  20% p o ta s s iu m  io d id e  and c o ld  e t h a n o l  
(30m ls)  was added g r a d u a l l y  t o  t h e  f i l t r a t e  and w a sh in g s  t o  d e p o s i t  
p u r p l e - r e d  c r y s t a l s .  A f t e r  c o o l i n g  i n  i c e  f o r  3 mins t h e  p r o d u c t  was 
f i l t e r e d  o f f  and washed t h r e e  t im e s  w i t h  95% e t h a n o l  f o l lo w e d  by a c e t o n e .  
Y ie ld  0 .3 5 g ,  A 0.1% s o l u t i o n  gave . ^ 3 ^ +  790 and a 0.02% s o l u t i o n  gave 
C 0 i3 546 1  + i . 0 0 0 -
C a l c d . f o r  dKCCr(C12K8N2 )(C 2°4 ) 2Z34H2°
c, 3 7 .0 0  ; H, 3 .1 0 ; N, 5.39%
Found c, 3 7 .3 3  ; K, 3 .1 7 ; N, 5.46%
D e s c r i p t i o n  o f  New Compounds:
Both  p o ta s s iu m  2 , 2 * - b i p y r i d i n e  d i o x a l a t o  c h ro m a te ( I I I )  ( a )  and 
p o ta s s iu m  1 , 1 0 - p h e n a n t h r o l in e  d i o x a l a t o  c h r o m a te C I I I ) (b )  c r y s t a l l i s e  
from  aqueous a l c o h o l  i n  p u r p l e - r e d  n e e d le s  o r  rhom bs. The a c t i v e  a re  
more s o lu b l e  t h a n  th e  ra c e m ic  fo rm s and r a c e m is e  r a p i d l y  i n  w a t e r  a t  
o r d in a r y  t e m p e r a t u r e s .  The h a l f  l i v e s  f o r  r a c e m i s a t i o n  a re  about 50 m ins 
a t  25°C. ( s e e  l a t e r ) .  In  t h e  s o l i d  s t a t e  b o th  com plexes  d i d  n o t  r a c e m is e  
o v e r  a p e r i o d  o f  t h r e e  m onths and th e y  w ere  u n a f f e c t e d  by l i g h t .  T h e i r  
c o n d u c t i v i t i e s  i n  aqueous  s o l u t i o n  were r e s p e c t i v e l y  ( a )  105 mhos,
(b )  94 mhos; c o r r e s p o n d in g  t o  1 : 1 e l e c t r o l y t e s .
Aqueous s o l u t i o n s  o f  t h e  com plexes  a p p e a r  s t a b l e  t o  a c id  b u t  
a re  r a p i d l y  d e c o l o u r i s e d  by IN a l k a l i .
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CHAPTER f i v e
5 .0  MONO COMPLEXES OF 2 . 2 »-BIPYRIDINE AND 1 , 10-PHENANTHRQLINE.
In  t h i s  work p a r t i c u l a r  i n t e r e s t  l a y  i n  mono b i p y r i d i n e  and
p h e n a n t h r o l i n e  com plexes  o f  n i c k e l ( I I ) .  Not o n ly  a re  th e y  used  as
s t a r t i n g  m a t e r i a l s  i n  t h e  p r e p a r a t i o n s  o f  t h e  mixed com plexes  s tu d i e d
b u t  a l s o  t h e y  a re  p r e s e n t  d u r in g  t h e  d i s s o c i a t i o n  o f  t h e  t r i s  s p e c i e s .
In  a d d i t i o n  t o  n i c k e l ,  new mono compounds o f  C r ( I I I ) ,  M n ( I I ) ,  and
77F e ( I I )  a re  d e s c r i b e d .  S in c e  a re v ie w  on p h e n a n th r o l i n e  and 
b i p y r i d i n e  com plexes  a p p e a re d  no t  lo n g  ago i t  i s  r e l e v a n t  h e re  t o  
sum m arise t h e  s u b s e q u e n t  l i t e r a t u r e  on  mono com plexes  o f  t h e  t r a n s i t i o n  
e l e m e n t s .  By c u r r e n t  u sage  o f  t h e  te rm ,  mono compounds a re  t a k e n  t o  
mean c o o r d i n a t i o n  compounds t h a t  c o n t a i n  one m o le c u le  o f  a  b i - o r  
t r i d e n t a t e  l i g a n d .  The o t h e r  c o o r d i n a t i o n  p o s i t i o n s  o f  t h e  m e ta l  may 
be o c c u p ie d  by w a te r  o r  s im p le  a n io n ic  g ro u p s  such  as  c h l o r i d e .  I t  
i s  c o n v e n ie n t  t o  d i s c u s s  t h e  e le m e n ts  u n d e r  th e  h e a t i n g  o f  t h e  f i r s t  
member o f  t h e  g roup  c o n c e r n e d .
5 .0 1  SCANDIUM AND TITANIUM GROUPS.
No mono com plexes  a re  known f o r  t h e s e  e l e m e n t s .
5 .0 2  VANADIUM GROUP.
A red -b ro w n  compound o f  t h e  fo rm u la  kVO C lg  bipyH c o n t a i n i n g  
a w eak ly  h e ld  b i p y r i d i n e  has  been  p r e p a r e d  from  VOClg and t h e  base  i n  
o r g a n i c  s o l v e n t s  such  as  e t h a n o l . N o  i n f o r m a t io n  was a v a i l a b l e  
on th e  e a s e  o f  r e p la c e m e n t  o f  t h e  d i f f e r e n t  l ig a n d s *
5 .0 3  CHROMIUM GROUP.
The c a r b o n y l co m p lex  GCr(CO)^ p h en 3 , has b een  p rep a red  from
157auC r(C 0)3 (NHo )g3 and p h e n a n th r o l in e .  I t  d ecom poses in  a i r  fo rm in g
157b c dchromium h e x a c a r b o n y l , S i m i l a r  Mo and W com plexes  a re  known. * *
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5 .0 4  MANGANESE GROUP.
The p a ra m a g n e t ic  QHn(CO)3(phen)3  com plex  and a l s o  t h e
I  / » n
b i n u c l e a r  CM^CCO)g(phen)I3 have b een  d e s c r i b e d .
The R e ( l )  com plex  CRe(CO)3 (p h en )C lJ  i s  known181 and may be
p r e p a r e d  from  URe(CO)^NH3C]J and p h e n a n th r o l i n e  i n  a l c o h o l i c  s o l u t i o n .
213R e c e n t ly  t h e  re d  R e ( I I I )  mono com plex  L R e C p h e n K l^  was r e p o r t e d .
I t  was o b t a i n e d  by c h l o r i n e  o x i d a t i o n  o f  t h e  d e e p - p u r p le  b i n u c l e a r  
C(phen)Re2C1^3 . The l a s t  m en tio n ed  com plex  was th o u g h t  t o  c o n t a i n  
b o th  Re( I ) and R e ( I I I ) .
5 .0 5  IRON GROUP.
The F e ( I I )  com plex  C F e(b ip y )Cl^p h a s  been  made by t h e  a c t i o n  
o f  h e a t  on th e  t r i s  m a t e r i a l  i n  vacuo'*’18 bu t  a s i m i l a r  method f a i l e d  
t o  p r e p a r e  C F e(phen)C l3J  . In  t h e  p r e s e n t  work th e  mono com plexes  
CFe B C lgJ  (w here B = b ip y ,  phen  o r  t r p y )  have been  p r e p a r e d .  A d i s ­
c u s s i o n  o f  t h e s e  compounds i s  g iv e n  i n  s e c t i o n  5 .1 5 .
I ro n  I I  and I I I  mono com plexes  o f  t h e  fo rm u la e  K^CFeCB)(CN)^U
164d e s c r i b e d  some y e a r s  ago by B a r b i e r i  have r e c e n t l y  been  i n v e s t i g a t e d
163 ,
and t h e i r  m ag n e t ic  p r o p e r t i e s  and s p e c t r a  s tu d i e d  , (B=phen o r  b i p y ) .  
They were p r e p a r e d  from  t h e  b i s  i r o n ( I I )  com plex  CFeCB^CCN)^^ by 
p r o lo n g e d  t r e a t m e n t  w i t h  e x c e s s  p o ta s s iu m  c y a n i d e .  Any unchanged b i s  
com plex  was removed by c h lo r o f o rm  e x t r a c t i o n  b e fo r e  e v a p o r a t i n g  down 
th e  re m a in in g  s o l u t i o n  t o  y i e l d  t h e  d a rk  o ra n g e  p r o d u c t .  The a c id  
fo rm s were o b t a i n e d  by t r e a t i n g  th e  p o ta s s iu m  s a l t  w i th  c o ld  HC1. The 
F e ( I I I )  com plexes  were o b t a i n e d  by c h l o r i n e  o x i d a t i o n  o f  t h e  c o r r e s p o n d  
in g  F e ( I I )  com pounds. The e v id e n c e  f o r  some o f  t h e s e  s u b s ta n c e s  was 
no t  a lw ays c o n v in c i n g .  F o r  exam ple ,  no m e n t io n  was made o f  an a l t e r n a t  
iv e  a n a l y s i s  f o r  t h e  t r i v a l e n t  i r o n  com plex  Ü FeC phen^C C N )^  ÜFe(phen) 
(CN)43 namely UFe(phen)g3(Fe(CN)gD • C o n d u c t iv i t y  m easurem ents  sh o u ld
7 6 .
d i s t i n g u i s h  be tw een  th e  two p o s s i b i l i t i e s .
A y e llo w  com plex , L F eC p h en ^ lg B , was o b ta in e d  when f e r r i c
144 ,145
c h lo r i d e  and th e  b a se  w ere m ixed in  non—aqueous s o l v e n t s .
The h ig h - s p in  te tra e th y la m ra o n iu m  s a l t  o f  th e  O F e C p h e n K l^  io n  has  
been  i s o l a t e d  from  a c e to n e -d io x a n e  s o lv e n t  and had a m ag n e tic  moment 
o f  5 .9  B.M. c o r re s p o n d in g  to  f iv e  u n p a ire d  e l e c t r o n s .
S p e c tro p h o to m e tr ic  e v id e n c e  f o r  th e  e x is t e n c e  o f  th e
3+ 154
LRu(bipy)H io n  in  aqueous s o lu t i o n  h as  r e c e n t l y  a p p e a re d . The
172mono com plex  E lR n  C l ^ l  (B = b ip y  o r  p hen ) h as  been  u sed  t o  p r e -
3+
p a re  a number o f  m ixed com plexes o f  th e  ty p e  L R u(b ipy ) ( p h e n ) ^  •
The b id e n ta te  g ro u p  rem a in s  f i r m ly  bound u n d e r a v a r i e t y  o f  c o n d i t io n s  
w h ile  th e  C l"  l ig a n d  c a n  be r e p la c e d  e . g .  R u ( I I )  and ( I I I )  com plexes 
w ere d e s c r ib e d  in  w h ich  C1“  had been  r e p la c e d  by Br“ , 0H“ , H20 , p y . ,  
and a c e t y l a c e to n e .
136A nalogous O s ( I I I )  and (IV ) com plexes w ere known b u t in  
g e n e r a l  th e  C l"  g ro u p s  in  th e  osmium com plexes w ere no t as  l a b i l e  as 
in  th e  ru th e n iu m  c o u n te r p a r t s  and th e  v a r i e t y  of compounds p re p a re d  was 
n o t as  l a r g e .
5 .0 6  COBALT GROUP.
P a g l ia  h a s  p re p a re d  c o b a l t ( I I )  com plexes h a v in g  th e  fo rm u la  
C C o(b ipy)(C N )2Ü165 and C C o (p h e n )(N O ^ ^  *166 R ecen t exchange s tu d i e s  
on th e  C C o(phen)32+ io n  in  aqueous s o l u t i o n  showed a h a l f - l i f e  f o r  
l ig a n d  exchange  o f  ab o u t 1 m in . a t  room t e m p e r a tu r e s .  A lso  th e  
d i s s o c i a t i o n  o f  th e  p h e n a n th r o l in e  l ig a n d  was c a ta ly s e d  by b o th  a c id  
and b a se  b u t th e  m echanism  was n o t i n v e s t i g a t e d .
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5.07 NICKEL GROUP.
2+A study of the dissociation of the LNi(phen)I) ion using 
121radioactive nickel showed that rate of loss of the ligand was not 
very different from the rate of dissociation of the CNiCphen)^ ion 
to the bis complex. In the same work the blue solid CNi(phen) (^0)^11 
(N0 3 > 2 was prepared by mixing phenanthroline with an excess of nickel
nitrate in concentrated aqueous solution. The last mentioned compound
1 c -l 77had been reported earlier but its existence questioned.
An investigation into the effects of ring substitution on
the rates of dissociation of mono nickel(II) phenanthroline and
152bipyridine complexes has been made by Ellis, Hogg, and Wilkins.
For phenanthrolines containing substituents in the 5 position there 
was a general correlation between dissociation rate constant and the 
base strength of the ligand. When the substituent was in the 2 
position, the dissociation rate increased by a factor of 50 for a 
methyl group and 1000 for a chloro group. Further, the increased rate 
arose mainly from a lower activation energy. The results were inter­
preted for the methyl group in terms of a steric effect. Thus the 
bonds present were thought to be weaker as the methyl prevented close 
approach of the phenanthroline nitrogen. On the other hand, steric 
arguments alone could not account for the even larger increase produced 
by the chloro group. An additional effect on the metal ligand pi bond 
was suggested in which the chlorine in the 2 position disrupted the 
double bond and so accelerated the rate. For 2 chlorophenanthroline 
the activation energy for dissociation was 7 kcal less than that for
the unsubstituted phenanthroline molecule
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2+The formation rate constant of the CNi(phen)H ion has
been shown to increase up till about 0.5N acid and then remain steady.
Both the formation and dissociation rates have been studied in acid
solution and two mechanisms proposed to account for the hydrogen ion 
149dependence. One,considers protonation of a water molecule in an
intermediate formed during stepwise addition of a phenanthroline, viz.
HO
HP
+Fast elimination of H^O would lead to the acid dependence. 
The second proposal considered the direct reaction of the phenan- 
throlinium ion with the aquo nickel(II) ion. A half-bonded inter­
mediate was proposed similar to that above except that the proton was 
attached to the free nitrogen and subsequently was lost before forming 
the mono complex. Both proposals could account only qualitatively for 
the acid dependence,
16 8Two forms of CNi(phen)(CN)^ have been described. A
yellow compound CNiCphenXClO^I^O resulted when potassium cyanide 
was added to an ice-cold equimolar mixture of aqueous nickel acetate 
and phenanthroline. If the same reaction was carried out on the 
steam-bath, lavender LNi(phen)(CN^H(H20)q 5 was obtained. The yellow 
form had a magnetic moment of 1.7 B.M. and the lavender 2.3 B.M., The
possible existence of bridged structures was recognised
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5.08 COPPER AND ZING GROUPS.
The equilibria present in solutions of Cu(II) and either 
bipyridine or phenanthroline have been investigated potentioraetrieal­
ly.170 In alkaline solution uCuCbipy)(H20)23 can donate two protons
+ 0to give üCu(bipy)(Ho0)C0H)D and GCuCbipy)(0H)93 • The
uCu(bipy)(Ho0)(0H)3 complex was not present in appreciable con­
centrations but rather the dimeric £(bipy)Cu x N CuCbipy)□ pre-sOH/
dominated•
The formation constants for Ag(l) and Cd(II) bipyridine
mono complexes have been measured in aqueous alcohol and aqueous 
171dioxane and found to change with the solvent system used.
5.1 EXPERIMENTAL,
In this work mono complexes of 2,2*-bipyridine and 
1,10-phenanthroline with the halides of Cr(III), Mn(II), Fe(III), 
and Ni(II) have been prepared in good yield by reaction of the base 
with excess of the anhydrous metal halide in boiling dimethylformamide 
solution. The Fe(II) complexes which could not be prepared satis­
factorily in this manner were made in boiling normal hydrochloric acid 
and salted out with solid calcium chloride. The same method could be 
used for Ni(II) and Mn(II) monos but the yields were only 50 per cent 
of the theoretical values compared with 85 per cent using dimethyl­
formamide. Improved methods for the preparation of bis complexes with 
these ligands have also been developed.
5.11 MONO COMPLEXES OF Fe(III), Mn(II). Cr(III). Ni(II) HALIDES.
The anhydrous halide of the metal, (l.g.), was dissolved
completely in dry dimethylformamide, (10ml). A trace of zinc dust was
182added to effect dissolution of chroraium(III) chloride , and the
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s o l u t i o n  t h e n  f i l t e r e d ,  P h e n a n t h r o l i n e , o r  b i p y r i d i n e ,  ( l m o l . )  was 
added t o  t h e  ho t  s o l u t i o n ,  w hich  was k e p t  a g i t a t e d  w h i le  b e in g  r e ­
f lu x e d *  A f t e r  ab o u t  a m in u te ,  s o l i d  commenced t o  s e p a r a t e ,  c a u s i n g  
v i o l e n t  ’’bumping” . A f t e r  t e n  m in u te s  t h e  m ix tu re  was c o o le d  t o  room 
t e m p e r a t u r e ,  th e  s o l i d  c o l l e c t e d  and washed w i t h  c o ld  d im e th y lfo rm a m id e ,  
and t h e n  d ry  e t h e r .  At t h i s  s t a g e  t h e  F e ( I I I )  and M n (II )  com plexes  
were p a l e  y e l lo w ,  t h e  C r ( I I I )  d a r k  g r e e n ,  and th e  n i c k e l  compounds 
b r i g h t  g r e e n ,  and c o n ta i n e d  a m o le c u le  o f  d im e th y l fo rm a m id e .  At 150° 
and 10” ^mm th e  M n ( I I ) ,  F e ( I I I ) ,  and N i ( I I )  b u t  no t t h e  C r ( I I I )  com plex  
l o s t  t h e  s o lv e n t  o f  c r y s t a l l i z a t i o n .  The n i c k e l  com plex  became 
y e l lo w -g ree n  a f t e r  rem ova l  o f  t h e  d im e th y l fo rm a m id e .
C a l c d . f o r  F e ( C ,0H N )C1 
o 3
c , 4 2 ,1 0  ; H, 2 .3 6 ; N, 8.22%
Found C, 4 2 .1 7  ; H, 2 .3 4 ; N, 8.01%
C a l c d , f o r N i ( C 1 2 H8N2 ) B r 2
C, 36 .1  ; H, 2.0%
Found C, 3 6 .0  ; H, 2.0%
C a lc d  . f o r N i <C1 2 H8N2 )C 1 2
C , 4 6 .5  ; H, 2 . 6 ;  :N, 9.0%
Found C, 4 6 .1  ; H, 2 .6  ; N, 9.0%
C a lc d  , f o r M n (C io H8N2 >c l 2
C , 4 2 .6  ; H, 2 .9  ; C l ,  25.2%
Found C , 4 2 .2  ; H, 3 .0  ; C l ,  25.2%
C a lc d  . f o r Mn(C12H8N2 )C l2
c , 4 7 .1  ; H, 2 .6  ; N, 9.2%
Found C, 4 6 ,7  ; H, 2 .6  ; N, 9.1%
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C a lc d  • f o r  C r (C 10H8N2 ) . C l 3C3H7NO
C, 4 0 . 3  ; H, 3 .9%
Found C, 3 9 .7  ; H, 4 .1%
C a lc d  • f o r  C r(C  H N j . C l  C0H NO 
12 8 2 3 3 7
C, 4 3 . 8  ; H, 3 .7  ; N, 10 .2%
Found C, 4 3 . 2  ; H, 3 .6  ; N, 10 .1%
C a l c d • f o r  N i(C  H N )C1 
10  8 2  2
C, 4 2 . 0  ; H, 2 . 9  ; C l ,  24 .9%
Found C, 4 2 . 0  ; H, 2 . 8  ; C l ,  24 .5%
C a l c d .  f o r  N i(C ,  H N )B r 
10  8 2  2
C, 3 2 .1  ; H, 2 . 2  • N, 7 . 5  ; B r ,  42 .7%
Found C, 3 2 .3  ; H, 2 . 2  ; N, 7 . 4  ; B r ,  42 .5%
5 .1 2  MONO COMPLEXES OF IR O N (II )  CHLORIDE.
I r o n ( I I )  c h l o r i d e ,  4 h y d r a t e  ( 6 g ,  l m o l . )  i n  h y d r o c h l o r i c  
a c i d ,  ( I N . ,  1 5 m l) ,  was h e a t e d  a t  5 0 ° - 6 0 °  w i t h  f i n e l y  d i v i d e d  i r o n  
m e t a l  ( 0 . 5 g )  t o  r e d u c e  t r a c e s  o f  i r o n ( I I I )  c h l o r i d e .  The m i x t u r e  was 
f i l t e r e d  i n t o  a  t e s t - t u b e  f i l l e d  w i t h  c a r b o n  d i o x i d e  and c o n t a i n i n g  
s i l v e r  w o o l ,  ( 0 . 2 g ) .  A f t e r  h e a t i n g  t o  b o i l i n g ,  t h e  s o l u t i o n  w as d e ­
c a n t e d  o n  t o  t h e  b a s e ,  ( O . l m o l .  p h e n a n t h r o l i n e ,  b i p y r i d i n e  o r  
t e r p y r i d i n e ) ,  and c a r b o n  d i o x i d e  p a s s e d  t h r o u g h  t h e  d e e p ly  c o l o u r e d  
s o l u t i o n  w h i l e  i t  was b o i l e d  f o r  two m i n u t e s .  C a lc iu m  c h l o r i d e  
6 - h y d r a t e  (1 3 g )  was t h e n  a d d e d ,  and im m e d ia t e ly  r o s e - r e d  c r y s t a l s  o f  
CFeCbipy )C103 o r  LJ,e ( p h e n ) C l r P , o r  p u r p l e - r e d  Ü F e ( t rp y  )C123 , commenced 
t o  d e p o s i t .  A f t e r  two m i n u t e s  t h e  p r o d u c t  was c o l l e c t e d ,  and w ashed  
w i t h  a b s o l u t e  e t h a n o l  c o n t a i n i n g  a  d ro p  o f  h y d r o c h l o r i c  a c i d ,  f o l l o w e d  
by a b s o l u t e  e t h a n o l ,  and f i n a l l y  p e r o x i d e  f r e e  e t h e r ,  ( y i e l d s :
UFeCbipy )C123 , 56%; C F e ( t r p y  )C12.3, 75%; C F e C p h e n ^ l ^  , 95%. )
8 2 .
C a lc d  • f o r  Fe(C  H N )C1 
10  8 2  2
C, 4 2 . 4  • H, 2 . 9  ; N, 9 .9%  
Found C, 4 2 . 4  • H, 2 . 9  ; N, 9.8%
C a l c d .  f o r  F e (C 15Hi;LN3 ) C l 2
C, 5 0 .0  ; H, 3 .1  ; N, 11 .7%  
Found C, 5 0 .0  ; H, 3 . 2  ; N, 11 .4%
C a lc d  • f o r F e ( C 12H8N2 :iC12
C, 4 6 . 9 J H, 2 . 6  ; N, 9 .1%
Found C, 4 6 . 9 5 H, 2 . 6  ; N, 9 .1%
5 .1 3  BIS COMPLEXES 01T N i ( I I ) HALIDES.
The a n h y d r o u s  n i c k e l  h a l i d e  ( l m o l .  c 0 . 4 g )  was d i s s o l v e d  i n  
h o t  d im e th y l f o rm a m id e  ( 9 m l s ) .  The b a s e  ( 2 r a o l s . )  was ad d e d ,  and on  
h e a t i n g  u n d e r  r e f l u x  t h e  b l u e  s o l u t i o n  t u r n e d  b r i g h t  g r e e n ,  and g r e e n  
c r y s t a l s  b e g a n  t o  d e p o s i t .  A f t e r  5 m i n u te s  h e a t i n g  t h e  m i x t u r e  was 
c o o l e d  t o  room t e m p e r a t u r e  and f i l t e r e d .  The f i l t r a t e  was r e d  i n  
c o l o u r  sh o w in g  t h e  p r e s e n c e  o f  t h e  t r i s  c o m p le x .  The p ro d u c e  was w ash ­
ed  w i t h  d im e th y l f o rm a m id e  and f i n a l l y  w i t h  d ry  e t h e r .  Y i e l d s  w ere  
55-65% o f  t h e  t h e o r e t i c a l  b a s e d  o n  t h e  l i g a n d  u s e d *
C a l c d .  f o r  N i (C 10H8N2 ) 2C l 2
Found
C, 5 4 .4  ; H, 3 .7  ; C l ,  16 .1%  
C, 5 4 .1  ; H, 3 . 7  ; C l ,  16 .0%
C a l c d .  f o r  N iC C ^ H g N o ^ E h ^
Found
C, 4 5 . 3  ; H, 3 . 0  ; N, 10 .6%  
C, 4 5 . 4  ; H, 3 . 2  ; N, 10 .5%
C a l c d .  f o r  N i CC12HgN2 ) 2C l 2
c , 5 8 .8 ; h , 3 . 3 ; c i , 14.5%
F ound C, 5 8 .9 ; H, 3 .4 ; c i , 14.5%
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Calcd. for Ni(C K N ) Br 12 8 2 2 2
C, 49.8 ; H, 2.9 • Br, 27.6%
Found C, 49.8 ; H, 3.0 ; Br, 27.5%
5.14 PROPERTIES OF THE NEW COMPOUNDS.
All of the substances prepared were coloured, hygroscopic, 
crystalline solids. Those made in dimethylformaraide separated original' 
ly with one molecule of the solvent, which could be removed only by 
heating at 100-150°C/.02mm. With the exception of the chromium com­
pounds all were readily soluble in water and methanol. The complexes 
CrphenCl^.dmf and CrbipyCl^draf were stable at 150/0.2mm.
The presence of dimethylformamide can be readily seen from 
the infra-red spectrum of the liquid which exhibits a strong peak at 
1673 cm“'1' attributed to carbonyl stretching. The figures overleaf 
consist of the infra-red curves of the following monocomplexes.
Curve (i) NiCphen)Cl2.dmf
It (ii) Ni(phen)Cl2
It (iii) CrCbipy)C13.dmf
1» Civ) Cr(phen)Cl3.dmf
The presence of a carbonyl stretching band, shifted to 
1640cm"”'1', is clearly seen in curves (iii) and Civ). The band is evid­
ent at 1645cm”'1' in curve (i) and is not present in curve (ii). This is 
consistent with the analytical results on the nickel complexes before 
and after heating.
The use of the potassium bromide disc technique is known to 
produce shifts in the infra-red spectrum, but the magnitude of the fre­
quency change observed for the chromium compounds suggests considerable 
interaction between the dimethylformamide and the metal. This could be
a result of complex formation
3IW
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5 .1 5  MAGNETIC STUDIES.
The m agne tic  moments o f  t h e  mono com plexes  were m easu red  by 
t h e  Gouy method and c a l c u l a t e d  from  th e  s p in - o n l y  f o r m u la .  The v a l u e s  
a re  r e c o r d e d  be low .
M agnetic  Moments o f  Mono Complexes 
S u b s t  ance ( B,M.)  ( B «M,)  c a l e  .
Cr b ip y  C l^  dmf. 3 .7 7
0000aCO
Cr phen  C1Q dm f. 3 .7 2 3 .8 8
Mn b ip y  C i 0 5 .8 7 5 ,92
Mn phen  C l2 5 ,8 3 5 .92
Ni b ip y  C l 2 3 .2 9 2 .8 3
Ni b ip y  Br2 3 .5 2 2 .8 3
Ni phen  C l2 3 .3 4 2 .8 3
Ni phen  B r2 3 .3 3 2 ,8 3
Fe b ipy  C l y 5 .7 2 4 .9 0
Fe phen  C l2 5 .7 9 4 .9 0
Fe t r p y  C l 2 4 .6 0 4 .9 0
5 .1 6  DISCUSSION.
I t  i s  w e l l  known t h a t  w h e re as  t h e  h y d r a te d  i r o n ( I I )  i o n  i s
p a ra m a g n e t i c ,  t h e  t r i s  p h e n a n th r o l i n e  and b i p y r i d i n e  com plexes  a re
d i a m a g n e t i c ,  and i t  i s  o f  t h e o r e t i c a l  i n t e r e s t  t o  d e te r m in e  w here  t h e
, 119 ,
change from  h i g h -  t o  lo w - s p in  o c c u r s .  Dwyer and B aso lo  , showed 
t h a t  t h e  b lu e  E F e (b ip y ) riC l 23 and C F e(phen )2C l 2:3 were o f  t h e  h i g h - s p i n  
t y p e ,  b u t  t h e  r e d  Ore( b i p y ^ l ^ , o b t a i n e d  from th e  b i s  c o m p le x  by 
p y r o l y s i s ,  was found t o  have a moment o f  1 .8  B.M .. The e x p e c t e d  
moment f o r  low—s p i n  p l a n a r  F e ( I I )  i s  2 .8  B.M., and th e  low moment was 
a s c r i b e d  t o  m e ta l - m e ta l  i n t e r a c t i o n .
87
The m agne tic  moments o f  a l l  s u b s t a n c e s  showed t h a t  th e y  were 
o f  t h e  h i g h - s p i n  t y p e .  The i r o n ( I I )  compounds, p r e p a r e d  in  h y d r o c h l o r i c  
a c id  were r o s e - r e d  i n  c o l o u r ,  and gave th e  r a t h e r  h ig h  v a lu e s  o f  5 ,7  B.M. 
f o r  t h e  b i p y r i d i n e  com plex, and 5 .8  B.M. f o r  t h e  p h e n a n th r o l i n e  com plex . 
T hese  a re  s l i g h t l y  o u t s i d e  t h e  norm al r a n g e ,  ( 5 . 0 - 5 . 5  B.M .) u s u a l l y
o b s e r v e d . 183 P y r o l y s i s  o f  Q F e(b ipy ) o r  Ü T e(b ipy ) 2C123 as  d e -
119s c r i b e d  by B aso lo  and Dwyer , gave a d a r k  r e d  s o l i d ,  ( Z1-  4 . 8  B .M .) .
Both  t h e  r o s e - r e d  and d a r k - r e d  v a r i e t i e s  d i s p r o p o r t i o n a t e d  r a p i d l y  i n
m e th a n o l  and w a te r ,  bu t  th e  d i f f e r e n c e  i n  c o l o u r  was s t i l l  e v id e n t  when
b o th  v a r i e t i e s  were ground up t o  t h e  same p a r t i c l e  s i z e .  The s u b s ta n c e
may w e l l  e x h i b i t  d im orph ism . A l l  a t t e m p t s  t o  p r e p a r e  t h e  v a r i e t y  w i th
t h e  low moment, ( 1 . 8  B.M.) f a i l e d .  I t  i s  a l s o  s i g n i f i c a n t  t h a t
2 , 2 * , 2 ”- t e r p y r i d i n e  d i c h l o r o  i r o n ( I I ) ,  ÜTeCtrpy )C123 was found t o  have
t h e  norm al h ig h  moment o f  4 .6 0  B .M .. I t  i s  c o n c lu d e d  t h a t  t h e  p r e v i o u s
v a lu e  f o r  t h e  i r o n ( I I )  mono compound i s  p r o b a b ly  i n  e r r o r .  I t  has
u s u a l l y  been  found t h a t  t h e r e  i s  a  s t e p w is e  d e c r e a s e  i n  t h e  a f f i n i t y
17o f  a  m e ta l  io n  f o r  th e  p r o g r e s s iv e  a d d i t i o n  o f  l i g a n d s  , bu t  t h i s  
o r d e r  i s  r e v e r s e d  f o r  t h e  i r o n ( I I )  p h e n a n t h r o l i n e  and b i p y r i d i n e  
s y s te m s 4 "^4 * 448, and p resum ab ly  f o r  t h e  t e r p y r i d i n e  s y s te m .  The p a r a ­
m agnetism  o f  b o th  th e  mono- and b i s - c o m p le x e s  c o n f i r m s  th e  p r e s e n c e  o f  
s t r o n g  l i g a n d  f i e l d  s t a b i l i s a t i o n  i n  t h e  d ia m a g n e t ic  t r i s -  s p e c i e s ,  and 
i s  c o n s i s t e n t  w i th  th e  r e v e r s e d  o r d e r  o f  s te p w is e  l ig a n d  a f f i n i t y .
A 5 - c o v a le n t  d i s t o r t e d  t r i g o n a l  b ip y ra m id a l  s t r u c t u r e  p ro b a b ­
ly  o c c u r s  i n  d i c h l o r o - t e r p y r i d i n e  i r o n ( I I ) ,  a n a lo g o u s  t o  t h e  cadmium, 
z i n c ,  and c o p p e r ( I I )  c o m p le x e s .184
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CHAPTER SIX
6 •0 THE RACEMISATION OF THE 1.10-PHENANTHROLINBBIS (2.2»-BIPYRIDINE) 
NICKEL(II) ION AND 2,2»-BIPYRIDINEBIS (1.lO-PHENANTHROLINE) 
NICKEL(II) ION .
Without doubt the nickel(II) tris complexes of phenanthroline 
and bipyridine are ideal for racemisation studies owing to their high 
molecular rotations coupled with low extinction coefficients in the 
wavelengths of light used. By employing a thermostatted polarimeter 
tube, it becomes a simple matter to follow the change in their optical 
rotations continuously as a function of time. This technique is 
possible, of course, only if the light itself does not affect the 
racemisation. In the work to be described the effects of the following 
on the racemisation rates have been investigated.
(i) Aqueous solution
(ii) Ionic strength.
( iii) Acid •
(iv) Base .
(v) Excess ligand.
Cvi) Extraneous ions.
(vii) Solvent•
The properties of the mixed complexes resembled those of the 
trisbipyridine nickel(II) ion rather than the tris phenanthroline 
nickel(II) ion. For example, the racemisation rates at 25°C in water 
and in IN HC1 are compared in the table below. It is seen that the 
trisphenanthroline complex racemises much more slowly than the others 
and that the rates increase with the number of bipyridine ligands 
present. Also the presence of acid considerably enhances the rate but 
only if a bipyridine ligand is present.
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Complex 102k(min"1)HL0 102k(min”1)IN.HCl
CNiCphen)^2*
11 ' " IJ ^ T ,T
0.067 rate unchanged by acid
_ 2+kNi(phen)2(bipy)3 3.32 11.8
LNi(phen)(bipy) 3 7.81 30.8
(Ni(bipy) H 2+ o 13.6 (ref. 85) 65
2+In addition, the LNi(bipyXphen)^ ion was anomalous in
that the usual first order plot of log optical rotation against time
did not give a straight line. The presence of a small amount of
3+optically active LNiCphen)^ ion in the complex was detected and 
after the rotations were corrected for this, there was no departure 
from first order kinetics.
The presence of excess ligand has been reported to be without
24-effect on the racemisation of the ions l-NiCphen)^ and 
2+ 89,61LNi(bipy)oJ . On the other hand, both mixed complexes displayed
slower racemisation rates when in an aqueous solution of bipyridine but
not when in aqueous phenanthroline• A reinvestigation of the effect of
- 12+excess bipyridine on the LNi(bipy)oJ ion in aqueous solution showed
that the rate was retarded but phenanthroline again had no effect.
Finally, certain ions such as Cl” were known to accelerate
2+the racemisation of LNi(bipy)g3 ion and a similar acceleration was 
found for the mixed complexes.
6 .1 EXPERIMENTAL DETAILS - APPARATUS.
A Bellingham and Stanley polarimeter equipped with both 
mercury and sodium vapour lamps was used. Readings of the rotation 
could be made to 0.01° with the aid of a vernier. One, two, and four 
decimetre polarimeter tubes were employed and the temperature was con­
trolled by pumping the water from a constant temperature bath, situated
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a d ja c e n t  t o  th e  p o la r im e te r ,  th ro u g h  th e  tu b e  ja c k e t*  I t s  tem p era tu re  
a t th e  tu b e  o u t l e t  was m o n ito red  by means o f  a therm om eter f i t t e d  in to  
a w e l l  in s u la t e d  c o n t a i n e r .  In t h i s  w ay, th e  tem p era tu re  drop a lo n g  
th e  tu b e  c o u ld  be a s c e r t a in e d ;  th e  mean v a lu e  b etw een  b a th  and o u t l e t  
was r e co rd ed  a s  b e in g  th e  te m p era tu re  o f  th e  e x p e r im e n t . The d i f f e r e n t  
th erm o m eters em ployed  w ere c a l ib r a t e d  a t th e  N a t io n a l  S ta n d a rd s  
L a b o r a to ry , S y d n ey . T hose c o v e r in g  th e  ran ge 14-30°C  w ere marked in  
0*01 d e g r e e s  w h ile  th e  o t h e r s  u sed  o u t s id e  t h i s  ran ge w ere marked in  
0 .0 2  d e g r e e  u n i t s .
To p r e v e n t  fo g g in g  o f  th e  g l a s s  w indow s o f  th e  p o la r im e te r  
tu b e  d u r in g  th e  low  te m p era tu re  r u n s , s p e c i a l  d o u b le -e n d s  w ere m ade. 
T h ese  c o n s i s t e d  o f  p e r s p e x  e x t e n s io n s  t o  th e  e x i s t i n g  tu b e ,  and o n to  
w h ich  a seco n d  s e t  o f  g l a s s  w indow s c o u ld  be sc r e w e d . The r e s u l t i n g  
cham ber form ed a t e a c h  end o f  th e  p o la r im e te r  tu b e  c o u ld  be d r ie d  by 
i n s e r t i n g  a p e l l e t  o f  s i l i c a  g e l ,  and p roved  s a t i s f a c t o r y  in  p r e v e n t in g  
any f o g g in g .  A p h o to g ra p h  o f  a tu b e  w ith  d o u b le -e n d s  a tta c h e d  ap p ears  
o v e r le a f  a lo n g s id e  th a t  o f  a seco n d  tu b e  h a v in g  th e  u s u a l  e n d s .
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6 .2  EXPERIMENTAL DETAILS -  MATERIALS.
A l l  C h em ica ls  and s o lv e n t s  em ployed th ro u g h o u t t h i s  work  
w ere o f  a n a l y t i c a l  r e a g e n t  q u a l i t y .  The m eth a n o l and e t h a n o l  w ere  
d r ie d  by r e f lu x in g  w ith  c a lc iu m  m e ta l f o r  3 h ou rs fo l lo w e d  by d i s t i l l ­
a t i o n .  The p y r id in e  was a l s o  r e d i s t i l l e d  but th e  re m a in in g  s o lv e n t s  
w ere u sed  w ith o u t  fu r t h e r  p u r i f i c a t i o n .
The f o l lo w in g  b u f f e r  s o l u t io n s  have been  em ployed  in  s tu d y ­
in g  th e  pH d ep en d en ce  o f  th e  r a c e m is a t io n  r a t e .  E ach s o l u t i o n  was made 
t o  a p p r o x im a te ly  th e  d e s ir e d  pH and th e n  m easured on a C am bridge pH-
m e te r .
N o. pH ran ge B u ffe r  com ponents R e fe r e n c e
1 1 .8 1 - 1 1 .9 8 H3 po4 , CH3 COOH and H3 BO3  
t i t r a t e d  w ith  NaOH 1 7 7 .p 3 6 5
2 3 .5 6 -  5 .8 8 CH3 COOH,CH3COONa 1 7 6 ,p 8 0 8
3 6 .9 8 N -E th y l m o rp h o lin e  (2% v / v ) 
t i t r a t e d  w ith  H2 S0 4 _
4 8 .0 6 - 1 0 .0 6 H3 BO3  t i t r a t e d  w ith  NaOH 1 7 7 .p 3 6 2
5 0 . 6 5 -  5 .2 0 HC1, CH3 C00Na 176 .p 8 0 8
6 1 1 .8 2 NaOH, H3 B0 3 177 ,p364
7 1 1 .7 5 KH2 P0 4 ,Na0H 1 7 7 ,p359
6 .3  - EXPERIMENTAL DETAILS - METHODS .
To d i s s o l v e  th e n ic k e l  co m p lex  p e r c h lo r a te  in as s h o r t
tim e as p o s s ib l e  i t  w as ground in  a m ortar w ith  th e  s o l v e n t .  The 
s o l u t io n  o b ta in e d  was th e n  f i l t e r e d  r a p id ly  and t r a n s f e r r e d  to  th e  
p o la r im e te r  t u b e .  W ith ru n s in  w h ich  th e  r a t e s  o f  r a c e m is a t io n  w ere  
v ery  f a s t  th e  l a r g e s t  p o s s ib l e  i n i t i a l  r o t a t i o n  was se c u r e d  by f i r s t  
th o r o u g h ly  c h i l l i n g  a l l  f l a s k s  and s o lv e n t s  to  be u se d , s in c e  th e
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r a t e s  a p p r o x im a te ly  d o u b le  f o r  e v e r y  5°C r i s e  in  te m p e r a tu r e . The 
i n i t i a l  r o t a t i o n s  m easured w ere g e n e r a l ly  w i t h in  th e  ran ge o f  2 -5  
d e g r e e s  r o t a t i o n ,  d ep en d in g  upon th e  tim e  e la p s e d  b etw een  s o l u t io n  and 
m easu rem en t. F or th e  s lo w  ru n s th e  p o la r im e te r  tu b e  p lu s  c o n t e n t s  was 
f u l l y  immersed in  th e  c o n s ta n t  tem p era tu re  b a th .
W ith th e  s o l u t io n  in  th e  p o la r im e te r  tu b e  1 -2  m in u tes  
g e n e r a l ly  s u f f i c e d  b e fo r e  th e  tem p era tu re  became c o n s t a n t .  T h is  co u ld  
be d e c id e d  by th e  r e a d in g  o f  th e  th erm om eter a t th e  tu b e  o u t l e t .  A 
r e a d in g  o f  th e  o p t i c a l  r o t a t i o n  was now ta k e n  and th e  s to p w a tc h  s t a r t e d  
a t th e  same t im e .  S om etim es o n ly  one r e a d in g  c o u ld  be o b ta in e d , but 
i f  p o s s ib l e  fo u r  m easurem en ts o f  th e  r o t a t i o n  w ere made and th e  a v era g e  
v a lu e  r e c o r d e d . S u c c e s s iv e  r e a d in g s  w ere th e n  ta k e n  a t s u i t a b l e  tim e  
i n t e r v a l s .  A l l  ru n s w ere d u p l ic a te d  u n le s s  o th e r w is e  s t a t e d ,  and th e  
r e a c t io n  t im e s  w ere a lw ays a t l e a s t  as g r e a t  a s  one h a l f - l i f e .  The 
r a te  c o n s t a n t s  f o r  r a c e m is a t io n  have an a ccu ra cy  o f  b etw een  3 and 5% 
d ep en d in g  on  th e  m agn itu de and number o f  m easurem ents p o s s i b l e .
6 .4  KINETIC TREATMENT .
C o n s id e r  an o p t i c a l l y  a c t iv e  s o l u t i o n .  In th e  p r o c e s s  o f  
r a c e m is a t io n  one h a l f  th e  o p t i c a l l y  a c t iv e  m o le c u le s  in v e r t  t h e i r  
c o n f ig u r a t io n .  F or c o m p le te  in v e r s io n  th e  rem ain d er have a ls o  to  
ch a n g e , m aking th e  r a t e  o f  r a c e m is a t io n  tw ic e  th e  r a t e  o f  in v e r s io n .  
The p r o c e s s  may be r e p r e s e n te d  as f o l l o w s :
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k i .
I n v e r s i o n d T ?  1  ......................................................i
k i = i n v e r s i o n  r a t e  c o n s t a n t
R a c e m is a t io n d
kr  .
—=-*■ i n a c t i v e  s t a g e  1*  K jr - . . ( 2 )
kr = r a c e m i s a t i o n  r a t e  c o n s t a n t
Let a i n i t i a l  c o n c e n t r a t i o n  o f  a c t i v e  com plex
X = amount o f  a n t ip o d e  formed in  t im e  t
Then from  (1 ) dx
d t k ^ ( a - x )  -  k ^ (x )
= k^ ( a ~ 2 x)
R e a r r a n g in g  and i n t e g r a t i n g  f  =  k W  rit
l n ( a - 2 x) ~ T k j t  + c o n s t a n t
When t  = 0 , x = 0 , and t h e  i n t e g r a t i o n  c o n s t a n t  becomes I n  a 
Thus Z l i - ln ( a ~ 2 x )  = k-^t -  ^  I n  a
l n ( a - 2 x) = - 2 kjLt + I n  a
= - k r t  + I n  a  ( s i n c e  k r  = 2k.^)
T h a t  i s  lo g  ( a - 2 x )  = ~" r^  t  + lo g  a
2 .3 0 3
S i n c e c t ^ ,  th e  o b s e rv e d  r o t a t i o n  a t  any t im e  t ,  i s  p r o p o r t i o n a l  t o
( a - 2 x) t h e n  a p l o t  o f  lo g  d.  ^ on  t h e  y a x i s  a g a i n s t  t  on  t h e  x a x i s
—kr
s h o u ld  g iv e  a s t r a i g h t  l i n e  o f  s lo p e  2” 303  » c h a r a c t e r i s t i c  o f  such  a 
f i r s t  o r d e r  p r o c e s s .  Thus kr  = 2.303m, where ra = s l o p e .
The t e m p e r a t u r e  dependence  o f  a r e a c t i o n  r a t e  i s  e x p r e s s e d  by th e  w e l l  
known A r r h e n iu s  fo rm u la  -
k = Ae ......................................... .... ( 1 )
k = r e a c t i o n  r a t e  c o n s t a n t
A = A r r h e n iu s  f a c t o r  ( a l s o  c a l l e d  t h e  f r e q u e n c y
f a c t o r  o r  PZ f a c t o r )
E a  = Energy  o f  a c t i v a t i o n  
R = Gas c o n s t a n t
T = A b s o lu te  t e m p e r a tu r e
95
ri'
By ta k in g  lo g s  o f  t h i s  r e la t io n s h ip  we o b ta in  -
In  k . .-E a  lnA RT
o r  lo g  k lo g  A. - E a
2.303RT
Thus p rov id ed  lo g  A and Ea can  be c o n s id er e d  as tem perature independent 
q u a n t i t i e s  a p lo t  o f  lo g  k v e r su s  ^ g iv e s  a s t r a ig h t  l in e  o f  s lo p e
2.303R  * 
Whence Ea = 2 .3 0 3  R x s lo p e  (R = 1 .9 8 7  c a l /d e g .m o le )
= (4 .5 7 7  x s lo p e )  c a lo r i e s
By s u b s t i t u t in g  a s e t  o f  v a lu e s  f o r  lo g  k and Ea at a p a r t ic u la r
tem p era tu re , lo g  A can  be fou n d .
The e n tr o p ie s  o f  a c t iv a t io n  have been c a lc u la te d  u s in g  th e
e x p e r im e n ta lly  determ ined  va lu e  o f  lo g  A, and th e  fo llo w in g  form ula
179d e r iv e d  from th e  th e o ry  o f  a b so lu te  r e a c t io n  r a t e s .
kT As*
Ke T  e I T
{’
- E a  
e RT
Where
-1 6k = Boltzm anns c o n sta n t  (1 .3 8 0  x 10 e r g s /d e g .
mole )
h = P la n ck ’ s c o n sta n t  (6 .6 2 4  x 10~27 e r g - s e c )
As^
The tr a n sm iss io n  c o e f f i c i e n t  w hich a llo w s  
fo r  th e  p o s s i b i l i t y  th a t  not a l l  a c t iv a te d  
com plexes w hich reach  th e  top  o f  th e  energy  
b a r r ie r  w i l l  form p r o d u c ts .
The en trop y  change betw een r e a c ta n ts  and 
th e  a c t iv a te d  com p lex .
The term s in s id e  th e  b ra c k e ts  in  (3 )  are id e n t i f i e d  w ith  th e
A o f  th e  sim p le  c o l l i s i o n  th e o r y . That i s  -
kT A s *A = Ke —  e _r- 
h R
kT AS*
ta k in g  lo g s  lnA = InK + 1 + In  ”£• +
p u t t in g  k= 1 and w ith  lo g a r ith m s to  th e  base 10
lo g  A
As*
l __+ lo g  kr + As*
■2.303 2.303R
2.303R  ( lo g  A -lo g  -  0 .4 3 4 3 )
96
N o te : In  t h i s  work th e  r a t e  c o n s ta n t s  a re  in  min- ^ and m ust be con ­
v e r t e d  to  s e c “ -*- when c a l c u l a t i n g  A
The k i n e t i c  p a ra m e te rs  E a and A s  , w hich  a re  o b ta in e d  
from  a s tu d y  o f  th e  te m p e ra tu re  d e p e n d en ce , a re  g e n e r a l ly  i n t e r p r e t e d  
to  mean th e  fo llo w in g *  E a r e p r e s e n t  th e  minimum e n e rg y  a m o lecu le  
m ust p o s s e s s  in  o r d e r  t o  ta k e  p a r t  i n  a c h e m ic a l r e a c t io n *  Common 
v a lu e s  a re  10-30  k c a ls /m o le *  I f  th e  t r a n s i t i o n  s t a t e  i s  d i s o r d e re d  
com pared to  th e  i n i t i a l  s t a t e  th e n  th e  ^  v a lu e  w ould be e x p e c te d  
to  be p o s i t i v e *  T h is  in c r e a s e d  d i s o r d e r  c a n  e n su e  from  su ch  f a c t o r s
a s  g r e a t e r  l ig a n d  freedom  and r e l e a s e  o f  s o lv e n t  m o le c u le s  in  fo rm in g  
th e  t r a n s i t i o n  s t a t e .
6 ,5  KINETICS OF RACEMISATION OF l t 10-PHENANTHR0LINEBIS ( 2 .2 « -B I -  
PYRIDINE) NICK EL(II) PERCHLORATE.
6 .5 1  REACTION ORDER.
By u s in g  s o lu t i o n s  c o n ta in in g  d i f f e r e n t  i n i t i a l  c o n c e n t r a ­
t i o n s  o f  com plex  no s i g n i f i c a n t  v a r i a t i o n  in  th e  r a t e  c o n s ta n t s  was 
o b s e rv e d . T h is  b e h a v io u r  was th e  same in  a l l  th e  s o lv e n t s  em ployed . 
Thus th e  r a c e m is a t io n  fo llo w e d  f i r s t  o r d e r  k i n e t i c s  u n d e r a l l  c irc u m ­
s t a n c e s .  T h is  i s  b e s t  shown in  th e  p l o t s  below  on  lo g a r i th m  
o r d in a t e  p a p e r  o f  a g a in s t  t im e  f o r  ru n s  in  aqueous s o l u t i o n  a t  
d i f f e r e n t  i n i t i a l  c o n c e n t r a t io n s  and r e a c t i o n  te m p e r a tu r e s ,
(1 )  0,15%  s o lu t i o n  a t  25°C (3 )  0,12%  s o lu t i o n  a t  15°C
(2 )  0,08%  s o lu t i o n  a t  25°C (4 )  0,06%  s o lu t i o n  a t  15°C
Fig. 6-52
20 min
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6 .5 2  RACSMISATION IN AQUEOUS SOLUTION.
The p rim ary  d a ta  from  two t y p i c a l  ru n s  a t  d i f f e r e n t  tem p er­
a t u r e s  a re  g iv e n  below . The accom panying p l o t s  a re  i n  f i g u r e  6 .5 2 1 .
P _ 2
T h e i r  r e s p e c t i v e  s lo p e s  a re  m = 0 .4 5  x 10 whence = 1*04 x 10 ,
and m = 3 .3 9  x 10"*w whence k n = 7 ,8 1  x 10™  ^ rain“ '*'.
25°
T em pera tu re  10°C T e m p era tu re  25°C
t  (ra in s) * logOt t  (ra in s) _oi lo g
0 2 .61 0 .4 1 7 0 3 .5 4 0 .5 4 9
4 .5 2 .50 0 .3 9 8 1 3 .2 2 0 .5 0 8
10 2 .30 0 .3 6 2 2 3 .0 1 0 .4 7 9
15 2 .19 0 .3 4 0 3 2 .7 6 0 .4 4 1
21 2 .13 0 .3 2 8 4 2 .5 9 0 .4 1 3
in.t><N> 1.99 0 .2 9 9 5 2 .3 8 0 .3 7 7
3 3 .5 1 .85 0 .2 6 7 6 2 .1 7 0 .3 3 7
40 1 .74 0 .2 4 1 7 .5 1 .9 3 0 .2 8 5
46 1 ,64 0 .2 1 5 8 .5 1 .8 2 0 .2 6 0
55 1 .49 0 .1 7 3 9 1 .7 4 0 .2 4 1
62 1 .3 8 0 ,1 4 0 9 .5 1 .6 7 0 .2 2 3
7 2 .5 1 .24 0 .0 9 3 1 0 .5 1 .5 5 0 .1 9 0
The p o la r im e te r  tu b e  was o f te n  l e f t  i n  th e l i g h t p a th
th ro u g h o u t  a r u n .  T h e re fo re  th e  e f f e c t  o f  l i g h t  on th e  r a c e m is a t io n  
r a t e  was c h e ck e d , as t h e r e  a re  known exam ples w here i t  i n f lu e n c e s  t h e  
r e a c t i o n  ( s e e  s e c t io n  2 . 6 ) .  An aqueous s o l u t i o n  o f  th e  com plex  was 
k e p t i n  d a rk n e s s  betw een r e a d in g s ,  and th e  r a t e  c o n s ta n t  o b ta in e d  w as 
i d e n t i c a l  w i th  t h a t  o f  an exposed  s o lu t i o n  u n d e r  th e  same c o n d i t i o n s .
D
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The results of determinations of the rate constants at 
different temperatures appear below. From the slope Ea = 22.9 kcals 
log A = 13.9 sec“'1', A s ^  = + 3.1 e.u.
°c T(°K) 3 1 10 T lO^kCmin”'1') log k
10 283 3.534 1.01 2.004
15 288 3,472 2.14 2.334
20 293 3.413 4.17 5.620
25 298 3.356 7.81 2.893
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6 .5 3  IONIC STRENGTH.
The e f f e c t  o f  th e  io n ic  s t r e n g th  (/**-), was d e te rm in e d  in  
ammonium s u lp h a te  s o lu t i o n  and th e  v a lu e s  o f  th e  r a t e  c o n s ta n t s  a re  
g iv e n  be lo w . W ith in  th e  e x p e r im e n ta l  a c c u ra c y  th e r e  was no s i g n i f i -
c a n t  d e p e n d en ce . A s im i l a r o b s e r v a t io n  had been  made f o r
C N i(b ipy> 33 2 f  io n  th o u g h  th e  i-N i(phen )33 2+ io n  showed
Q Q
s t r e n g t h  r e t a r d a t i o n .
an io n ic
S o lu t io n T em p era tu re  (°C ) 102k (m in “ 1 )
h2o 25 7 . SI + 0 .2 4
h2° 20 4 .1 7  * 0 .1 2
CNH4 ) 2S04 ’ 1 25 7 .6 4  * 0 .2 4
1» »» t» 20 4 .0 2  * 0 .1 2
’* " /N= 3 25
6 .5 4  RACEMISATION IN ACID SOLUTION.
7 .4 2  + 0 .2 4
The r a c e m is a t io n  r a t e  was in c r e a s e d  c o n s id e r a b ly  in  a c id  
m ed ia , th e  in c re a s e  b e in g  accom panied by n o t ic e a b le  d e c o l o r i s a t i o n  o f  
th e  s o l u t i o n  a t th e  h ig h e r  a c id  c o n c e n t r a t io n s  ( i . e .  th o s e  g r e a t e r  
th a n  2 n o rm a l) .  The a c id  dependence was i n v e s t i g a t e d  in  h y d r o c h lo r ic  
and s u lp h u r ic  a c id s  r e s p e c t i v e l y .  T a b le  6 .5 4  g iv e s  some r e s u l t s  f o r  
th e  fo rm e r  a t  15°C. The d a ta  a re  g rap h ed  i n  f ig u r e  6 .5 4 .
TABLE 6 .5 4  
HC1 C o n c e n tra tio n 102k (m in '
0 .1  N 6 .8 9
0 .5  N 8 .0 5
1 .0  N 8 .5 6
2 .0  N 9 .4 0
2.98N 1 1 .7
5 .0  N 1 9 .7
Ho0 2 .1 4
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The t e m p e r a tu r e  dependence  o f  t h e  r a t e s  h as  been  s tu d i e d  
f o r  c o m p a r iso n  w i t h  d i s s o c i a t i o n  r e s u l t s .  The v a lu e s  and k i n e t i c  
p a r a m e te r s  a r e  g iv e n  i n  th e  s u c c e e d in g  p a g e s .  I t  w i l l  be se e n  t h a t  
t h e  a c id  a c t s  by lo w e r in g  th e  a c t i v a t i o n  e n e rg y  compared t o  th e  v a lu e  
i n  w a t e r ,  and t h a t  t h e r e  a re  b u t  s l i g h t  e f f e c t s  on th e  e n t r o p y  te r r a .  
The t e m p e r a tu r e  dependence  g ra p h s  a re  i n c lu d e d  t o  show t h e  f i t  o f  t h e  
d a t a .
r -  2+ o
A cid  Dependence o f  L -N i(phen)(b ipy)oJ  a t  15 C
Fig. 6-54
HCL 15 C.
NORMALITY
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The R acem isa t  io n  o f  C N i ( p h e n ) ( b i p y i n  
1 Normal H y d r o c h lo r ic  A cid
° c T ( ° K ) 1 0 3 T 10 2k(min""1 ) l o g  k
5 .1 5 2 7 8 .1 5 3 .5 9 5 2 .2 4 2 .3 5 0
1 0 .0 283 3 .5 3 4 4 .4 4 2 .6 4 7
1 5 .0 288 3 .4 7 2 8 .5 6 2 .9 3 3
2 0 .0 293 3 .4 1 3 1 6 .5 1 . 2 1 8
2 5 .0 298 3 .3 5 6 3 0 .8 1 .4 8 9
Ea = 2 1 .6 k c a l s ;  l o g  A = 1 3 .5 3 s e c  A = + 1 . 4  (
IN. HCL
lo g  k
104.
_ 2+
The R a c e m is a t io n  o f  L N i ( p h e n ) ( b ip y ) qJ in  
2 «98 Normal H y d r o c h lo r ic  A cid
° c T (°K ) 1 0 3 t 1 0 2 k(rain“ 1 ) l o g  k
1 0 .0 283 3 .5 3 4 6 . 1 4 2 . 7 8 8
1 5 .0 288 3 .4 7 2 1 2 .0 1 .0 7 9
2 0 .0 293 3 .4 1 3 2 2 .4 1 .3 5 0
2 5 .0 298 3 .3 5 6 4 1 .2 1 .6 1 5
Ea = 21 .2  k c a l s / m o l e ;  l o g  A = 1 3 .3 6  s e c  ^ ;
+II
-t*03
<
1
l o g  k
2-98 N HCL
1 0 5
_ _ 2+
The R a c e m isa tio n  o f  LN l(phen) ( b ip y )g J  in  
5 Normal H y d ro c h lo r ic  A cid
°c T(°K ) 103 t 102k(m in“ ^ ) lo g  k
o•m 278 3 .597 5 .5 2 .7 4 0
1 0 .0 283 3 .534 1 0 .3 1 .0 1 3
1 5 .0 288 3 ,472 1 9 .7 1 .2 9 5
2 0 .0 293 3 .413 3 6 .0 1 .5 5 6
E a = 2 0 .4  k c a ls /m o le ;  lo g  A = 12 .9 9  sec  ^ ; A = - l . :
_ 2+
The R a c e m isa tio n  o f  LN i(phen) (b ip y )^ J  in
5 Normal S u lp h u r ic  A cid
°C T(°K ) 103 t 102k(min"“^ ) lo g  k
5 .0 278 3 .597 4 .8 2 2 .6 8 3
1 0 .0 283 3 .534 9 .3 0 2 .9 6 9
1 5 .0 288 3 .472 1 7 .7 1 .2 4 8
2 0 .0 293 3 .413 3 3 .5 1 .5 2 5
E a  = 2 0 .9  k c a ls /m o le ;  lo g  A =
- 1 * 4
1 3 .3 2  se c  ; A  S = + 0
F o r c o rre s p o n d in g  g rap h s  see  s e c t i o n  7 ,2 .
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The Racemisation of £Ni(phen)(bipy)gH2+ in 
1 Normal Sulphuric Acid
°c T(°K) 103 t 103k(min-1) log k
5.15 278.15 3.595 2.12 2.326
9.9 282.9 3.535 4.22 2.625
15.0 288 3.472 8.29 2.919
20.0 293 3.413 16.3 1.212
Ea = 22.3 kc als/mole; log A = 14 .08 sec"“'*'; A s = + 3.'
log k
345 1 355
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r -  2 +The Racemisation of LNi(phen)(bipy )„3 in--—- ------ - -------- ~ n n — c» - - - - - -3 Normal Sulphuric Acid
°c T(°K) H O CO -ii-
*
102k(min“1) loe k
10.0 283 3.534 5.87 2.769
15,0 288 3.472 10.4 1.017
20,0 293 3.413 21.1 1.323
23,0 296 3.378 29.0 1.462
25,0 298 3.356 39.4 1.596
Ea = 21.4 kcals/mole; log A = 13.53 sec” ;^ S = +
log k
3 N H SO2 4
io3 ^
•46 e.u.
1 0 8
6 .5 5  RACEMISATION IN BASIC SOLUTION.
Sodium h y d ro x id e  in c r e a s e s  th e  r a c e m is a t io n  r a t e  o v e r  t h a t
in  w a te r .  Thus k(H,.,0 a t  20°C) = 4 ,1 7  x 10“*2 m in’*1 w h ile
—2 —1k(0 .098N  NaOH a t  20°C) = 1 4 .5  x 10~ m in" . The r a t e  in c r e a s e d  w ith  
th e  h y d ro x id e  io n  c o n c e n t r a t io n  and th e  te m p e ra tu re  dependence  
s tu d i e s  show th a t  th e  in c re a s e d  r a t e  was accom panied  by a low er 
a c t i v a t i o n  e n e rg y . The r e s u l t s  a re  g iv e n  o v e r l e a f .
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2+
The R a c e m i s a t l o n  o f  C N i ( p h e n ) ( b ip y ) ^ 3  i n  0 .0 9 8  N
Sodium H y d ro x id e
Z-----------------
S o l u t i o n
°C T (° K ) 1 0 3 T 10 2 k ( r a in " 1 ) l o e  k
1 0 . 0  283 3 .5 3 4 3 ,6 8 2 .5 6 6
1 5 . 0  288 3 .4 7 2 7 .4 9 2 .8 7 5
2 0 . 0  293 3 ,4 1 3 1 4 ,5 1 .1 6 1
2 5 . 0  298 3 .3 5 6 2 6 .3 1 .4 2 0
E a  = 2 2 .0  k c a l s / m o l e ; l o g  A = 1 3 .7 8  s e c " 1 ;
4
= "J* 2 , 6  e . u .
l o g  k
110
6 * 5 6  THE EFFECT OF p H .
B u ffe r  s o l u t i o n s  as  d e s c r ib e d  in  s e c t i o n  6 .2  were em ployed 
and d e te r m in a t io n s  o f  th e  r a t e  a t  25°G o v e r  th e  pH ran g e  0 .9 - 1 1 ,3  
m ade. F ig u re  6 .5 6  i l l u s t r a t e s  th e  r e s u l t s  w hich  a re  g iv e n  in  T ab le  
6 .5 6 .
TABLE 6 .5 6
B u f fe r  s o l u t i o n  pH 10‘"k(min'~1 )
number ( s e e  6 .2 )
5 0 .9 0  2 6 .0
5 1 .4 6  2 1 .0
1 2 .2 0  1 4 .9
2 3 .5 6  8 .5
1 6 .0 4  9 .0
4 1 0 .0 6  8 .7
1 1 1 .5 0  1 5 ,8
6 1 1 .8 2  1 8 .5
25 C.
4 pH. 8
I l l
6 .5 7  the e f f e c t  of excess  l ig a n d .
I n  w a t e r ,  t h e  r a c e r a i s a t i o n  r a t e  was r e t a r d e d  by e x c e s s  
2 , 2 * - b ip y r id i n e  bu t  no t by e x c e s s  1 , 1 0 - p h e n a n t h r o l i n e • F o r  i n s t a n c e ,  
a t  a l ig a n d  c o n c e n t r a t i o n  o f  0 .0 0 5  M and com plex  c o n c e n t r a t i o n  o f  
0 .0 0 2  M t h e  2 , 2 ’- b i p y r i d i n e  reduced  t h e  r a t e  c o n s t a n t  from  
( 7 .8 1  I  . 2 4 ) . 1 0 “ 2 t o  ( 7 .2 0  * . 2 4 ) .1 0 ” 2 min“ 1 a t  25°C. Under s i m i l a r  
c o n d i t i o n s  1 , 1 0 - p h e n a n th r o l in e  was w i th o u t  e f f e c t .  The same was 
t r u e  a t  10°C . T ab le  6 .5 7  and F ig u re  6 .5 7  g iv e  t h e  t e m p e r a tu r e  
dependence  o f  th e  r a c e r a i s a t i o n  f o r  a 0 .0 0 2  M aqueous s o l u t i o n  o f  
com plex  w h ich  was 0 .0 2 3  M w i t h  r e s p e c t  t o  2 , 2 ’- b i p y r i d i n e  ( p o i n t s  
e n c lo s e d  by c i r c l e s ) .  The p o i n t s  f o r  r a c e m i s a t i o n  i n  w a te r  (shown by 
a d o t )  and i n  s a t u r a t e d  p h e n a n th r o l in e  (shown by a c r o s s )  a r e  a l s o  
i n c lu d e d  i n  F ig u re  6 .5 7 .
TABUE 6 .5 7
. 102k(m in“ 1 ) lo g  k
°c T(°K) 10J T 10 k(m in“ 1 ) Ho0 ( e x c e s s  b ip y )
10 .0 283 3 .534 8 .5 5 1 0 .1 3 .9 3 2
1 5 .0 288 3 .472 17 .1 2 1 .4 2 .2 3 3
20 .0 293 3 .413 34 .6 4 1 .7 2 .5 3 9
2 4 .8 2 97 .8 3 .3 5 8 6 5 .5 - 2 .816
I t  a p p e a r s  t h a t  t h e  o b s e rv e d  r e t a r d a t i o n  i n  t h e  r a c e m i s a t i o n  r a t e
a r i s e s  f rom  a s im p le  mass law r e t a r d a t i o n .
The e f f e c t  c>f e x c e s s l ig a n d  was a l s o  s tu d i e d f o r  c e r t a i n
o r g a n ic  s o l v e n t s .  In forraamide , n i t r o b e n z e n e ., and 60% mole f r a c t i o n
e t h a n o l —w a te r  no change i n  th e  r a t e  c o n s t a n t  w i t h  e x c e s s  l i g a n d  was 
o b s e r v e d .  However, i n  11.8% mole f r a c t i o n  e t h a n o l - w a t e r  a  r e t a r d a t i o n  
by b i p y r i d i n e  was fo u n d .  The r e s u l t s  o v e r l e a f  a re  f o r  a t e m p e r a t u r e
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of 25°C and complex concentration of 0.002 M.
Although the rate in the presence of
is lowered the extent is not significant.
11,8% mole fraction 
ethanol-water (contain­
ing a 20;1 ratio of 
ligand to complex)
bipy present
10^k(min~"^)
5.31 * 0.20
phen present 6,81 * 0.20
FIGURE 6,57
excess phenanthroline
102k(min'"1)
(without excess 
ligand)
7.11 + 0.20
7.11 + 0.20
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6 .5 8  the e f f e c t s  of extraneous i o n s .
N i c k e l ( I I )  s u lp h a t e  (0 .1 6  M) was w i th o u t  e f f e c t  on  t h e  
r a c e m i s a t i o n  r a t e .  C h lo r id e  io n s  i n c r e a s e d  th e  r a t e  o f  r a c e m i s a t i o n  
as  t h e  r e s u l t s  below d e m o n s t r a te ,
2 —1S o l u t i o n  C o n c e n t r a t i o n  10 k (m in  ) a t
25°C
NH4C1 2 M 9 .5 5
" 1 M 9 .4 1
" 0 .5  M 9 .1 0
H20 -  7 .8 1
6 .6  THE EFFECT OF SOLVENT CHANGES.
A l l  th e  o r g a n ic  s o lv e n t s  t r i e d  r e d u c e d  t h e  r a t e  o f  r a c e -  
m i s a t i o n  compared t o  t h a t  i n  w a te r ,  t h e  g r e a t e s t  e f f e c t s  b e in g  
o b s e rv e d  w i t h  s o lv e n t s  o f  low c o o r d i n a t i n g  a b i l i t y ,  e . g .  N i t ro b e n z e n e  
re d u c e d  t h e  r a t e  c o n s t a n t  a t  25°C from 7 .8  x 10”  min” i n  w a t e r  t o  
1 .5 6  x 10” ^ min , w h i le  formamide red u c e d  i t  t o  2 .0 4  x 10“  min” •
The r e s u l t s  and te m p e ra tu re  dependence p l o t s  f o r  t h e  f o l l o w in g  s o l ­
v e n t s  a re  g iv e n  in  th e  s u c ce e d in g  p a g e s .  The a l c o h o l i c  s o l v e n t s  a re  
shown t o  change b o th  t h e  energy  and e n t r o p y  te rm s  w h i le  t h e  o t h e r s  
m a in ly  e x e r t  t h e i r  i n f lu e n c e  on th e  e n t r o p y .  F o r  c om par ison  t h e  
v a lu e s  i n  w a te r  on ly  a re  in c lu d e d .
( i )  M ethanol (D r ied  as  i n  s e c t i o n  6 .2 )
( i i )  E th a n o l
( i i i )  P y r id in e  ” ” ” "
( i v )  Formamide
(v )  G l a c i a l  a c e t i c  a c id
N o te :  The com plex p e r c h l o r a t e  was v e ry  s o l u b l e  i n  m e th a n o l ,  p y r i d i n e ,
and form am ide, bu t s o lu b le  w i th  d i f f i c u l t y  i n  e t h a n o l  and g l a c i a l
a c e t i c  a c id
op y'DOlV
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The Racemisation of LNi(phen)(bipy )qI32 in Methanol
°c T(°K) , „3 110 t 102k(min-1) loe k 102k(min“1)H„0■ 1 1 ‘
20.0 293 3.413 0.247 3.393 4.17
25.0 298 3.356 0.462 3.665 7.81
30.0 303 3.300 0.805 3.906
35.0 308 3.247 1.53 2.185
E 3. — 21.5 kcals/mole; log A = -111.64 sec ; As* = - 7.2 e.u.
In water: 
Ea = 22.9 kcals/mole; log A = 13.90 sec”'*'; A  S* = + 3.1 e.u.
CH OH
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The R a c e m is a t io n  o f  i N i ( p h e n ) ( b i p y _ in  E th a n o l
° c T ( ° K ) 1 0 3 ii 102 k(m in” ^) l o g  k 10 2k (m in  1 )H 0
z
2 5 .0 298 3 .3 5 6 0 .3 0 7 3 .4 8 7 7 .8 1
to to • 00 3 0 2 .8 3 .3 0 3 0 .4 5 9 3 .6 6 2 -
3 4 .8 3 0 7 .8 3 .2 4 9 0 .9 3 2 3 .9 6 9 -
4 0 .0 313 3 .1 9 5 1 .4 3 2 .1 5 5 -
Ea = IS1.9 k c a l s / m o l e ;  l o g  A = 9 . 5 8  s e c “ '1’; 4  S *  = - 16*7 e . u .
In  w a te r :
Ea = 221.9 k c a l s / m o l e ;  l o g  A = 1 3 .9 0  s e c ’"'1'; / I  S *  =  + 3 § 1 6  «U •
CHOH.
2 5
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2+The Racemisation of C N i ( p h e n ) C b i p y ) in Pyridine
°c TC°K) io3 4
3.534
102k(min“1) log k 102k(min“1 )Ho0
10.0 283 0.133 3.124 1.01
20.0 293 3.413 0.505 3.703 4.17
30.0 303 3.300 1.73 2.238 -
34.8 307.8 3.249 3.19 2.503 -
Ea = 22,1 kcals/mole; log A
-112,41 sec ; = - 3.7 e,u.
In waters
Ea = 22.9 kcals/mole; log A 13.9 sec”'*'; — 3 |1 6 «U I
PYRIDINE
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The R a c e m is a tio n  o f  S L N i ( p h e n ) ( b i p y i n  Form am ide
°c T (° K ) 103 ^ 102k ( m in " 1 ) lo g  k lO ^kCrcin ’"'*
15 .0 288 3 .4 7 2 0 .5 3 7 3 .730 2 .14
2 0 .0 293 3 .4 1 3 1 .0 5 2 .0 2 1 4 .17
2 5 .0 298 3 .356 2 .0 4 2 .3 1 0 7 .81
2 9 .9 3 0 2 .9 3 .3 0 1 3 .8 0 2 .5 8 0 -
Ea = 221.8 k c a ls / ra o le ;  lo g  A = 1 3 .2 3  sec“ "L; A S ^  = + 0 .1  e .u .
In  w a te r :
Ea = 221.9 k c a ls /m o le ;  lo g  A = 1 3 .9  sec- '1' ; = + 3 .1  e .u .
HCONH
lo g  k
CD 
LO
G k
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2+The Racemisation of LNi(phen)(bipy)2J in Glacial
Acetic Acid
°c TC°K) 103 & 103k(min”-1 ) log: k 103kCmin™1 )H^0
25.0 298 3.356 2.26 3.354 78.1
29.9 302.9 3.301 4.01 3.603
34.8 307.8 3.249 7.10 3.851
39.8 312.8 3.197 13.6 2.134
Ea = 22.3 kcals; log A = 11.90 -1sec ; As * = - 6.0 e.u.
In water:
Ea = 22.9 kcals; log A = 13.9 -1sec ; As* “4" 3 «1 0 «li. •
CHCOOH
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6.61 RACEMIS AT ION IN AQUEOUS ETHANOL.
Previous work on the simple tris complexes in aqueous 
ethanol solutions had shown a peculiar variation in the rate con­
stants with changing percent organic component (e.g. see Fig. 2,4). 
For LNi(phen)(bipy)^3 the results of the determination of the rate 
constant at 25°C for various ethanol-water mixtures are shown in 
Table 6.61. Fig. 6.91 illustrates the data graphically. It is seen 
that following an initial decrease between 11.8% and 19.7% the rate 
constant changes very little until the ethanol content reaches 100%.
An almost identically shaped curve was obtained in the previous work
2+with the LNi(bipy).p ion (see Fig, 6.91).
The temperature dependence of racemisation in the solvent 
of composition 39.7% mole fraction ethanol-water has been measured; 
the results are included in Table 6.61. The first effect upon the 
addition of ethanol is a small increase in the activation energy 
leading to a slower racemisation. This is followed at high ethanol 
concentration by a decrease in the activation energy but does not 
result in an increased rate because at the same time the entropy of 
activation becomes more negative.
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TABLE 6 .6 1
S o lv e n t
H2°
11.8% mole 
19.7%  
39.7%  
60.6%  
80.5%
f r a c t i o n  e t h a n o l - w a t e r
II f t  I t
tt  f t  t t
f t  »I t t
t t  t t  t t
E th a n o l
l o o m i n ' 1 )
7 .8 1  
7 .1 1
1 .8 1  
1 ,7 3  
1 .7 2  
1 . 1 8  
0 .3 0 7
Tem perature Dependence in  39,7% E th a n o l-W a ter
°c °K 10 3 ^ 1 0 3k(min“ 1 ) l o g  k
1 5 . 0 288 3 .4 7 2 4 .2 5 3 .6 2 8
2 0 . 0 293 3 .4 1 3 8 .7 6 3 .9 4 3
2 5 . 0 298 3 .3 5 6 1 7 .3 2 . 2 3 8
3 0 .0 303 3 .3 0 0 3 2 .6 2 .5 1 3
Ea = 2 3 .7 k c a l s /m o le ;  l o g  A = , 0 0 - 1  1 3 .8  s e c  ; A s *  = + 2 . 6  e . u .
In w a te r :  
Ea = 2 2 .9 k c a l s /m o le ;  l o g  A = 1 3 ,9  s e c - ^ ; A s *  = + 3 .1  e . u .
In e t h a n o l :
Ea = 1 8 .9  k c a l s /m o le ;  l o g  A =
- 1
9 ,5 8  s e c  ; A s *  = - 1 6 , 7  e . u .
iyi
 l
o
g
 k 
jo
T em perature Dependence in  3 9 »7% E th an o l-W ater
C H O H - K O
2 5 2
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6.7 KINETICS OF RACEMISATION OF 2,2t-BIPYRIDINE BIS (1.10» 
PHENANTHRQLINE) NICKEL(II) PERCHLORATE.
The Order of the Reaction.
The usual first order plot of log optical rotation versus 
time did not give a straight line. Instead, a curve was obtained 
irrespective of whether the solvent was water or acid. In figure 
6.70 curve (I) refers to an aqueous solution and curve (2) to 0.5 
normal sulphuric acid. Higher acid concentrations gave curves which 
differ from (2) only in that their initial slopes were steeper and 
this effect increases with the acid concentration (5N sulphuric acid 
curve 3). Provided that the initial concentration was kept constant 
all the curves became coincident at the later portion of the graph.
It is obvious that the analyses given for 
□^i(bipy)(phen>23Cl2 could also apply to a 1:2 mixture of 
CNi(bipy^Cl^ and CNi(phen)33ci2. Fortunately, the subsequent
2+resolution employed conditions under which only the CNi(phen)^3 
ion would yield a precipitate. Thus the optically active perchlorate 
obtained from the diastereoisomer could contain CNKphen)^!!(CIO^)^ 
in addition to CNi(bipy)(phen)^(C104>2 • The method of preparation 
of the latter also makes the tris phenanthroline complex a likely 
impurity (see section 3.S).
—4 1A first order rate constant of 6.4 x 10 min“ could be 
calculated from the later part of the curves in figure 6.70. This 
was in agreement with the published value of 6.7 x 10“4 min“1 60a
_ P~|*
for the CNiCphen)^ ion. Accordingly, the data were treated using 
the reasonable assumption that the complex contained a certain amount 
of optically active tNiCphen)^(CIO >2. The published values for the
Log
*
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FIGURE 6.70 
Te mpe r at ure 2 5°C
5L 0-5N
LO ^
 
CO 
CM 
—
 
L
O
^-P
O
r a t e  c o n s t a n t s  o f  t h e  t r i s p h e n a n t h r o l i n e  compound were u s e d 6° a> 89, 
t o g e t h e r  w i t h  t h e  r o t a t i o n  v a lu e s  a t  t h e  l a t e r  t i m e s .  The v a l u e  of 
th e  i n i t i a l  r o t a t i o n  due t o  t h e  L N iC phen )^  io n  c o u ld  t h e n  b e  
c a l c u l a t e d  and was o f  t h e  o r d e r  o f  0 .6  d e g re e  f o r  a 0.1% s o l u t i o n  
i n  a 4dra t u b e .  A c o r r e c t i o n  (C ) ,  was n e x t  s u b t r a c t e d  from  t h e  ob­
se rv e d  r o t a t i o n s  (<*-), and a p l o t  o f  lo g  oL* (=  eL -  C)  a g a i n s t  t im e  
gave e x c e l l e n t  s t r a i g h t  l i n e s .  In  some e x p e r im e n t s ,  i t  was n e c e s s a r y  
t o  a l lo w  f o r  t h e  r a c e m i s a t i o n  o f  th e  t r i s p h e n a n t h r o l i n e  c o m p le x .
F o r  exam ple ,  i n  t h e  o r g a n i c  s o l v e n t s  t h e  change i n  C due t o  r a c e -
r a i s a t i o n  was a p p r e c i a b l e  and c o u ld  be r e a d i l y  c a l c u l a t e d  a t  any  tim e
2 303 C
t  from  t h e  u s u a l  fo rm u la  k = — —  lo g  — •
^ C
The f i g u r e  below shows th e  p l o t s  o f  c^' a g a in s t  t im e  on 
l o g a r i t h m i c  o r d i n a t e  p a p e r  a t  d i f f e r e n t  t e m p e r a t u r e s  and i n i t i a l  
c o n c e n t r a t i o n s .  In  t h e  f i g u r e ,  t h e  c o n c e n t r a t i o n s  a r e :
1 2 4 .
(1 )  75mg/50ml; ( 2 )  and (3 )  40mg/50ml; (4 )  25mg/50ml; (5 )  50mg/50ral
25 C
125
6.71 RACEMISATION IN AQUEOUS SOLUTION.
The primary data from a typical determination of the
racemisation rate <constant at 25°C are shown in Table 6.71
accompanying first order plot in Figure 6.71. Fromi the sl<
3.32 x 10“2 min“1.
The kinetic parameters have been evaluated from
measurements of k at different temperatures (Table 6.711),
slope of the log k versus “ plot (Figure 6.711)
t(min)
TABLE 6.71 
oL ol' CL - 0.65 log ot.1
0 4.31 3 .66 0.564
2 4.06 3.41 0.533
4 3.89 3.24 0.511
6 3.63 2.98 0.474
8 3.44 2.79 0.446
10 3.25 2.60 0.415
12 3.10 2.45 0.389
14 2.93 2.28 0.358
16 2.78 2.13 0.328
18 2.66 2.01 0.303
20 2.51 1.86 0.270
22 2.39 1.74 0.241
24 2.30 1.65 0.218
26 2.19 1.54 0.188
b 
Lo
g c
C
1 2 6 .
FIGURE 6 . 7 1
10 min. 20
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TABLE 6.711
r_ 2+ The Racemisation of CNi(bipy)(phen)^3
in Water
oc T(°K) 103 ^ 102k(min”^) log k
10.0 283 3.534 0.407 3.610
15,0 288 3.472 0.840 3.924
20,0 293 3.413 1.72 2.236
25.0 298 3.356 3.32 2.521
Ea = 23,6 kcals/mole; log A = 14,05 sec""1; ^  S ^  = + 3.8 e.u.
FIGURE 6,711
log k
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6 .7 2  IONIC STRENGTH.
S o lu t io n s  o f  h ig h  io n ic  s t r e n g t h  had no a p p re c ia b le  e f f e c t  
on  th e  r a t e  c o n s ta n t  f o r  r a c e m is a t io n ,  a s  th e  fo l lo w in g  r e s u l t s  
d e m o n s t r a te •
S o lu t  io n  Io n ic  k(min"*^)
S t r e n g th
CNH4 >2S04
NaNO
It
V
t t
3 3 .3 1  x 10~2 (25°C )
2 3 .3 4  x 10“ 2 (2 5 °C )
2 3 .3 2  x 10“ 2 ( 2 5°C)
2 1 .6 8  x 10” 2 C20°C)
3 .3 2  x  10” 2 (2 5 °C ) 
1 .7 2  x 10” 2 C 20°C )
6 .7 3  RACEMISAT ION IN ACID SOLUTION.
The dependence o f th e  r a t e  o f  r a c e m is a t  io n  o f  th e  
2+
Ü J i( b ip y ) ( p h e n ) ^  io n  upon th e  a c id  c o n c e n t r a t io n  i s  c l e a r l y  shown
o
in  th e  g ra p h  o f th e  fo llo w in g  d a ta  f o r  h y d r o c h lo r ic  a c id  a t  25 C 
(F ig u re  8 p o in ts  m arked w ith  a c r o s s ) .  A nalogous r e s u l t s  w ere o b -
ta in e d  w i th  s u lp h u r ic  a c id .  
Acid Hy<;i r o c h lo r i c S u lp h u r ic
C o n c e n tra t io n 10*''k(m in“ J-) lO^kCmin**-^)
0 .0 0 5  normal 5 .0 2 -
0 .0 1 6 .2 8 -
o • O 9 .9 4 9 .3 7
0 .5 0 1 1 .3 1 0 .8
1 .0 0  ” 1 1 .8 1 1 .4
1 .9 8  " 1 3 .6 1 3 .6
2 .9 8  " 1 6 .3 1 6 .6
4 .0 0  " 2 1 .9 2 1 .8
oo« 2 7 .6 2 7 .6
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F o r  c e r t a i n  a c id  c o n c e n t r a t i o n s  a d e t a i l e d  s tu d y  o f  t h e
te m p e r a tu r e  dependence has  been made th e  r e s u l t s  b e in g  g iv e n  i n  th e
f o l l o w i n g  p a g e s .  The p l o t s  o f  lo g  k a g a i n s t  ^  a re  g iv e n  l a t e r
t o g e t h e r  w i th  th e  d i s s o c i a t i o n  r e s u l t s  ( s e c t i o n  7 .32 lM ?* the  c i r c l e s
d e s i g n a t e  r a c e m i s a t i o n  v a l u e s ) .
By com paring  th e  r a c e m i s a t i o n  r e s u l t s  i n  a c id  w i th  th o s e
f o r  w a te r  o n ly ,  (T ab le  6 ,7 1 1 ) ,  i t  i s  a p p a re n t  t h a t  t h e  i n c r e a s e d
r a t e  i n  a c id  s o l u t i o n  a r i s e s  from a low er e n e rg y  o f  a c t i v a t i o n .
2+The R a c e m is a t io n  o f  L N i ( b ip y K p h e n ) ^  i n  Hydro-
2c T(°K)
c h l o r i c  Acid 
5 Normal
i n 3 110 t 102k(min*”1 ) lo g  k
5 ,0 278 3,597 2 ,3 7 2 ,3 7 5
1 0 ,0 283 3.534 4 .7 1 2 ,6 7 3
1 5 ,0 288 3,472 8 .9 5 2 .952
2 0 .0 293 3.413 1 7 .6 1 ,246
2 5 ,0 298 3.356 2 7 .6 1 .4 4 1
— 1
Ea = 2 1 ,6  k c a ls /m o le ;  lo g  A = 1 3 ,53  sec  ; A  S = + 1 ,4  e . u
2 ,9 8  Normal
°C T(°K)
3 1 
10 t
2 - 1  
10 kCmin ) lo g  k
2 5 .0 298 3.356 1 6 .3 1 .2 1 2
2 0 .0 293 3.413 8 .55 2 .932
1 5 ,0 288 3.472 4 .4 9 2 .652
1 0 .0 283 3.534 2 .2 5 2 ,352
i  ,  4
Ea = 2 2 ,1  k c a ls /m o le ;  lo g  A = 1 3 ,65  se c  x ; ZlS = + 2 .0  e ,u
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The R acem isat io n ^ 2+ o f  CNiCbipy ) ( p h e n ) r,3 in  Hydro-
°C T(°K )
c h lo r i c  A cid 
1 Normal
103 i  102k(m in“ 1 ) lo g  k
1 0 .0 283 3 .534 1 .6 9 2 .2 2 8
1 5 .0 288 3 .4 7 2 3 .3 3 2 .5 2 2
2 0 .0 293 3 .4 1 3 6 .5 9 2 .8 1 9
2 5 .0 298 3 .356 1 1 .8 1 .0 7 2
Ea = 22*2 k c a ls /m o le ;  lo g  A = 1 3 .5 7  s e c - 1 ? A = + 1 .6  e . u .
-  2+The R a c e m isa tlo n  o f  L N i(b ip y ) (p h e n ) ,>3 in  1 Normal
S u lp h u r ic  A cid
°C T(°K )
00or-H 102k(m in“*1 ) lo g  k
1 0 .0 283 3 .5 3 4 1 .6 0 2 .2 0 4
1 5 .0 288 3 .472 3 .1 2 2 .4 9 4
2 0 .0 293 3 .4 1 3 5 .9 9 2 .7 7 7
2 5 .0 298 3 .356 1 1 .4 1 .0 5 7
Ea = 21 .9  k c a ls /m o le ; lo g  A =
- 1
1 3 .3 5  sec  ; As*  = - i
The R acem isat io n
2+
o f  k N i(b ip y )(p h e n )^ 3 in  1 .9 7
°C
Normal S u lp h u r ic  A cid 
T(°K ) 10° T 102k(m in- 1 ) lo g  k
2 5 .0 298 3 ,356 1 3 .6 1 .1 3 4
2 0 .0 293 3 .4 1 3 6 .6 4 2 .8 2 2
1 4 .8 287 .8 3 .4 7 5 3 .3 3 2 .5 2 2
1 0 .0 283 3 .534 1 .6 9 2 .2 2 8
Ea = 2 3 .1  k c a ls /m o le ;  lo g  A = 1 4 .2 5  sec"”1 ; A s ^  = 4 .7  e . u ,  
( f o r  accom panying g ra p h  see  s e c t io n  7 .3 2 1 )
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The R a c e m isa tio n o f C jsfi(b ipy )(phen )_32 in . 5 Normal
°C T(°K )
S u lp h u ric
3 1 10 -
A cid * 
102k(m in- "*') lo c  k
5 .0 278 3 ,597 2 .0 7 2 .3 1 6
1 0 .0 283 3 .534 3 .9 9 2 .6 0 1
1 5 .0 288 3 .472 7 .9 4 2 .9 0 0
2 0 .0 293 3 .413 1 5 .1 1 .1 7 9
2 5 .0 298 3 .356 2 7 .6 1 .4 4 1
E a —■ 
( f o r
2 4 .1  k c a ls /m o le ;  lo g  A = 1 3 .3 7  se c - '*"; 
accom panying g rap h  see  s e c t io n  7 .3 2 1 )
As* = +
6 .7 4  RACEMISATION IN BASIC SOLUTION,
The p re s e n c e  o f  h y d ro x id e  io n s  p ro d u ced  an in c r e a s e  in  
th e  r a c e m is a t io n  r a t e  com pared to  t h a t  in  w a te r  ( s e e  b e lo w ). The 
in c r e a s e d  r a t e s  w ere accom panied by a lo w e rin g  o f  th e  a c t i v a t i o n  
e n e rg y  (T ab le  6 .7 4 1 ) .
o
T em pera tu re  25 C
S o lu t io n
H2°
0 .1  N KOH 
0 .5  N ”
102k(min"~^)
3 .3 2
10.1
1 0 .5
»I2 .5  N 1 8 .1
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TABLE 6 .7 4 1
The R a c e m is a t io n  o f  C N i ( b i p y X p h e n ) ^ 2*  i n  0 .0 9 8  N 
Sodium  H y d ro x id e
°c 1[•(°K) 1 0 3 T 1 0 2 k (m in  1 ) lo g  k
1 0 .0 283 3 .5 3 4 1 .3 3 2 .1 2 4
1 5 .0 288 4 .4 7 2 2 .6 9 2 .4 3 0
2 0 .0 293 3 .4 1 3 5 .3 4 2 .7 2 8
2 5 .0 298 3 ,3 5 6 1 0 .1 1 .0 0 4
E a = 2 2 .8 k c a l s / m o l e ;  lo g  A = 1 3 .9 3  s e c ” '1'; A  s* =
In  w a te r :
E a  = 2 3 .6 k c a l s / m o l e ;  lo g  A = 1 4 .0 5  s e c ” '1’; A s* =
•09 8 N NaOH
lo g  k
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6 ,7 5  THE EFFECT OF pH.
B u f fe r  s o lu t i o n s  as d e s c r i b e d  in  s e c t io n  6*2 weie u sed  to  
d e te rm in e  th e  e f f e c t  o f  pH on th e  r a c e m is a t io n  r a t e .  Some o f  th e  
b u f f e r s  c o n ta in e d  c h lo r i d e  io n s  w h ic h  th e m s e lv e s  s l i g h t l y  a c c e l e r a te d  
th e  r a t e s .  A c c o rd in g ly  a  sm a ll c o r r e c t i o n  t o  th e  r a t e  c o i s t a n t  f i r s t  
o b ta in e d  h as  been  made by s u b t r a c t i n g  th e  in c re m e n t known to  a r i s e  
from  th e  c h lo r id e  io n  c o n c e n t r a t i o n .  At 25°C and a c o n c e r t r a t i o n  o f
—1  — 9 —10 .2 g  io n s  l i t r e  o f  C l th e  c o r r e c t i o n  am ounts to  0 .3 3  x 10 m in  • 
The d a ta  from  w hich  f i g u r e  6 .7 5  h a s  been  drawn £r e  g iv e n  
in  T a b le  6 .7 5 .  Over th e  ran g e  3 .5 6  -  9 .0 0  pH u n i t s  th e  ra te  c o n s ta n t  
was in d e p e n d e n t o f  h y d ro g en  io n  c o n c e n t r a t i o n .
P H
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TABLE 6 »75 
T e m p era tu re  25°C
B u f fe r  Number lO^kCmin"
5 2 .3 0 6 .5 7
5 3 .0 0 4 .1 7
2 3 .56 3 .3 6
2 4 .5 1 3 .36
1 5 .0 5 3 .3 1
2 5 .8 8 3 .3 2
3 6 .9 8 3 .2 8
1 7 .2 0 3 .2 2
4 8 .06 3 .3 7
4 9 .0 0 3 .3 6
4 10 .0 6 3 .6 8
1 1 1 .0 0 7 .4 2
■fc See s e c t i o n  6 .2
THE EFFECT OF EXCESS LIGAND.
2+The com plex  io n  C N iC b ip y K p h e n )^  behaved  in  a m anner
2+
a n a lo g o u s  t o  £ N i(p h e n ) ( b ip y ) ^  • Thus e x c e s s  2 , 2 ‘- b ip y r id i n e
red u c e d  th e  r a c e m is a t io n  r a t e  in  w a te r ,  w h ile  a s i m i l a r  amount o f  
1 , 1 0 - p h e n a n th ro l in e  d id  n o t .  T a b le  6 .8 0  g iv e s  r e s u l t s  f o r  v a r io u s  
s o lv e n ts *  The com plex  c o n c e n t r a t io n  was 0 .0 0 1  M. I t  i s  s e e n  t h a t  
b ip y r id in e  a ls o  re d u c e d  th e  r a t e  in  11*83% m o l. f r a c t i o n  e th a n o l -  
w a te r  b u t n o t in  th e  30.15%  o r  100% s o lu t io n s *  T h ro u g h o u t t h e r e  was 
no d e v ia t io n  from  f i r s t  o r d e r  k i n e t i c s .  D is c u s s io n  o f  th e s e  r e s u l t s  
i s  d e f e r r e d  u n t i l  a l l  th e  r e s u l t s  have been  p r e s e n te d .
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TABLE 6.30
Solut ion Temperature (°C)
Water 25
"  20
bipy (0.0064M) 25
" (0.028M) 25
phen (0.005M) 25
"  "  20
ethanol 25
ethanol + bipy (0.0064M) 25
87.65% mol, fraction
ethanol-water 25
87.65% mol. fraction
+ phen (0.01M) 25
30.157o mol. fraction
ethanol-water 25
30.15%> mol. fraction
+ bipy (0.0064M) 25
11.83%. mol. fraction
ethanol-water 25
11.83%, mol. fraction
+ bipy (0.0064M) 25
methanol 25
methanol + bipy (0.0128M) 25 
methanol + phen (0.0256M) 25 
0.5 N HC1 25 
0.5 N HC1 + bipy (0.0128) 25
kCmin"1)
3.32 * .12 x 10"2
1.72 + .05 x 10“2
2.90 * .08 x 10“2
2.39 * .07 x 10“2
3.28 * .12 x 10“2
1.64 * .05 x 10"2
10.0 ^ .3 x 10“4
9.9 + ,3 x 10“4
4.10 '’ . l x  10-3
4.07 * .1 x 10'3
+6.47 .2 x 10
6.48 + .2 x IO*"3
2.88 1 .10 x 10”2
2.56 * .10 x 10“2
1.98 _ .06 x 10-3
2.01 * .06 x 10“3 
2.05 + *06 x 10“3 
11.3 + .3 x 10"2
y _211.2 .3 x 10
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6 .8 1  THE EFFECT OF ADDED MOLECULES OR IONS.
T ab le  6 ,8 1  g iv e s  th e  r a t e  c o n s ta n t s  f o r  an aqueous s o lu t i o n  
2+
o f  tL N i(b ipy )(phen ) 3 io n  in  th e  p re s e n c e  o f  v a r io u s  added m o le c u le s  
o r  i o n s .  T hroughout th e  te m p e ra tu re  was 25°C and th e  com plex  con ­
c e n t r a t i o n  0.001M .
The l a r g e s t  e f f e c t s  a re  p ro d u ced  by th e  io n s  F“ , C I“ , Br“ ,
and N02~ and a re  shown g r a p h ic a l ly  in  F ig u re  6 ,8 1 .  The h a l id e  io n s
w ere p r e s e n t  as t h e i r  ammonium s a l t s  and th e  N02~ as  sodium  n i t r i t e .
The m easured  pH*s o f  th e  s o lu t io n s  w ere w i th in  th e  ran g e  5 .5 - 8 .5
w h e re in  th e  r a t e  c o n s ta n t  was in d ep e n d e n t o f  pH ( s e e  F ig u re  6 .7 5 ) .
2+
A s i m i l a r  a c c e l e r a t i o n  in  th e  r a c e m is a t io n  r a t e  o f  L N iC b ip y )^  io n
60bhas been  n o ted  p r e v io u s ly  in  th e  p re s e n c e  o f  C l io n .
TABLE 6 .3 1
Added S u b s tan c e  M olar C o n c e n t r a t io n
W ater -
p h e n y le n e d ia m in e  0 .0 2 8
” ” 0 .0 5 6
g ly c in e  0 .0 2 8
" 0 .2 8
”  1.0
p o ta s s iu m  o x a la te  
ammonium a c e ta te  
p y r id in e
n ic k e l  ammonium s u lp h a te
»» I» »»
l i t h iu m  n i t r a t e
0 .0 2 8
1.0
0 .0 2 8
0.01
0.1
0 .2 4
0 .006
102k(m in“ 1 ) 
3 .3 2  * .12
3 .2 8
3 .2 8  "
3 .3 6  "
3 .5 2  "
3 .7 3  
3 .47
3 .6 7  "
3 .3 6  "
3 .4 0  "
3 .3 4
3 .36  " 
3 .3 8p o ta s s iu m  c h lo r id e
Fig. 6-8 I
MOLARITY
(1) NaN02
(2) NH4C1
(3) NH4F 
NH4Br(4)
-b>
CO
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6♦9 THE EFFECT OF SOLVENT CHANGES.
All solvent changes produced a decrease in the race-
misation rate compared to the rate in water at the same temperature,
2+an observation found also for the L N i ( p h e n ) ( b i p y i o n .  The 
results of temperature dependence measurements are given in the 
following pages for the solvents listed below. The values in water 
are included for comparison,
(i) Methanol,
(ii) Ethanol.
(iii) Pyridine,
(iv) Formamide.
(v) Nitrobenzene.
Note: The complex perchlorate was very soluble in all solvents
except ethanol. It was insoluble in glacial acetic acid.
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The R acem isa t io n  o f  the  £ N i ( b i p y ) ( p h e n ) ,>32 io n
in  Methanol
°c T(°K) 103 j 104k(inin"’1 ) lo g  k 104k(min""x )Ho0
2 0 .0 293 3 .4 1 3 10 .4 3 .017 172
2 5 .0 298 3 .356 1 9 .8 3 .297 332
2 9 .9 3 0 2 .9  3 .301 3 6 .8 3 .566 -
3 4 .8 3 0 7 .8  3 .249 6 7 .9 3 .832 -
Ea = 22 .7 k c a ls /m o le ;  lo g  A = 1 2 .1 9  sec"*1 ; A  s *  = - 4 .7  e . u .
In water:
Ea = 23 .5 k c a ls /r a o le ;  lo g  A = 1 4 .0 5  se c " 1 ; A s * = + 3 .8  e . u .
CHOH
l o g  k
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The Racemisation of
2-t
the CNiCbinvHohen) _3 ion
T(°K) IQ3 *
in Ethanol 
104k(min”1)
z
log k 104k(min
25.0 298 3.356 9.72 4.988 332
29.9 302,9 3.301 18.3 3,263 -
35.0 308 3,247 34.5 3.538 -
39. S 312.8 3.197 61.0 3.785 -
Ea = 23 .1 kcals/mole; log A = 12,13 sec”'1'; hs* =-- 5.0,e.u.
In water:
Ea = 23.6 kcals/mole; log A = 14.05 sec”'1'; As^ = + 3.8 e.u.
~ 2 —
C HOH2 5
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The Racemisation of the £-Ni(bipy)(phen)^3 ion
in Pyridine
°c T(°K) ln3 1 10 7 103k(rain""'*') log k 10,'k(min“'*')H„0
25,0 298 3.356 3; .04 3,483
2
33.2
29,9 302.9 3.301 5.55 3.744 -
34,8 307.8 3.249 9.30 3.969 -
39.8 312.8 3.197 16.3 2.212 -
Ea = 2C1.9 kcals/mole; log A = 11.01 sec’“'*'; A  s* = - 10.1 e.u.
In water:
Ea = 221.5 kcals/mole; log A = 14.05 sec"'*'; A  s* = + 3.5 e.u.
CH N 
5 5
log k
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The R a c e m is a t io n  o f  t h e  C N i( b ip y ) ( p h e n )^ 3 2 io n
° c T(°K)
i n
i n 3 1 10
Formamide
3 - 110 kCmin ) lo g  k
3 - 1
10 kCmin )H„0
2 0 .0 293 3 ,413 4 .1 0 3 .613 1 7 .2
2 5 .0 298 3.356 7 .8 7 3.896 33 .2
2 9 .9 3 02 .9 3 .301 1 5 .4 2 .188 -
3 5 .0 308 3 .247 2 5 .3 2 .403 -
E 3. —* 221.6 k c a l s / m o l e ;  lo g  A = 1 2 .6 4  s e c ” ^; = - 2 .7  e . u .
In  w a t e r :
E a  = 225.6 k c a l s / m o l e ;  lo g  A = 1 4 .0 5  s e c ” '*'; 4 = + 3 .8  e . u .
HCONH
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The R a c e n i is a t io n  o f  th e  C LN iC biov) (D h e n )„H Io n
i n  N it ro b e n z e n e
°C T ( ° K ) 1 0 3 ^ L04 k (m in “ ^ ) lo g  k
2 9 .9 3 0 2 .9 3 .3 0 1 .1 7 4 .0 6 8
4 0 ,1 3 1 3 .1 3 .1 9 4 3 ,3 6 4 .5 2 6
4 2 .8 3 1 5 .8 3 .1 6 7 4 .3 5 1 .6 3 9
5 0 ,0 3 2 3 .0 3 .0 9 6 9 .2 7 4 ,9 6 7
IId« 1 9 .8 k c  a ls  / m o le ; lo g  A =  8 *56 se c  ; As*  =
I n  w a t e r :
llW 2 3 .6 k c  a l s / m o le ; lo g  A =14 .0 5  sec C As* =
CH NO
6 5 2
lo g  k
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6.91 RACSMISATION IN AQUEOUS ETHANOL.
The shape of the plot of rate constant at 25 C against
percent mole fraction ethanol-water was almost identical with those
2+ 2+obtained for the LNiCbipy)^ and tÜNi(phen)(bipy>^3 ions* Figure
2+6.91 shows the data for the U^iCbipy)(phen>23 ion (2) from Table
24*6.91 plotted together with similar data for the Ü4i(bipy)^3 (3)
24-and L N i ( p h e n ) ( b i p y (1) ions. The first points of each set have
been made coincident to illustrate the close similarity present.
_ 2+The corresponding curve for the tNi(phen)^J ion is different 
(Chapter 2, Figure 2.4) and exhibits a peak at about 70% mole 
fraction ethanol-water.
FIGURE 6.91
25 C. (D= O.
<2)* X.
# c,ee ovenLEfiF
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TABLE 6,91
Percent Mol, Fraction 
Ethanol
Nil
11.3
19.7 
30.2
39.7
49.8 
60. S
69.4
80.5 
87.7
100
A  1
10 k(min“'i') at 25°C 
3.32 
2.88 
0.679 
0,647 
0,638 
0.668 
0.656 
0.630 
0.535 
0.410 
0.0972
For the 39.7 percent mo 1-fraction ethanol water mixture 
the temperature dependence of the rates has been studied and is 
given overleaf. An increase in ethanol content was found to re­
duce the rates by making the entropy of activation more negative. 
Notet The rate constants for the [Ni(phen)p(bipy)J 2+ and
(Ni(bipy)^]ions have been multiplied by the factors t^ 1 and
1 8113 resP0Gtively* The factors used are the relative values of 
the racemisation rate constants in water at 25°C, viz: 
(Ni(bipy)^] 13.6 min 1 (reference 81)
[Ni(phen)(bipy)^ 2+ 7.81 min"1 (table 6.61, p.120)
jNi(bipy)(phen)2"l 2+ 3*32 min 1 (table 6.91 above)
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2+
The R acern isa t io n  o f th e  k N iC b io v K o h en ) Ion
in  39.7% M ol-
1 - ■ £
F r a c t i o n  E th a n o l-W a te r
°c T(°K ) 3 1 10 y lO^kCmin“ 1 ) lo g  k
2 0 .0 293 3 .4 1 3 3 .0 2 3 .480
2 5 .0 298 3 ,356 6 .3 8 3 .8 0 5
3 0 .0 303 3 .3 0 0 1 2 .4 2 .0 9 3
3 4 .8 3 0 7 ,8 3 .249 2 1 .0 2 ,3 2 2
E a = 2 3 .3  k c a ls /m o le ;  lo g  A
-1
= 1 3 .1 3  se c  ; A s* :
In  w a te r :
E a = 2 3 ,6  k c a l s / n o l e ; lo g  A = 1 4 .0 5  s e c “ 1 ; A S  ^ = + 3 .3  e . u .  
In  e th a n o l :
Ea = 2 3 .1  k c a ls /m o le ;  lo g  A = 1 2 .1 3  se c  "L; A = -  5 .0  e . u .
3 9 '7 °/0 CHOH- HO
6 .9 2  SUMMARY .
147.
The f o l lo w in g  t a b l e  sum m arises t h e  g e n e r a l  r a c e m i s a t i o n
o
b e h a v io u r  o f  t h e  mixed co m p le x es .  (T e m p e ra tu re  25 C u n l e s s  o th e r w i s e  
s t a t e d ) .  The r e s u l t s  i n  o r g a n ic  s o l v e n t s  a r e  g iv e n  i n  C h a p te r  8 
(T a b le  8 . 3 ) .
S o lv e n t Ü t f i ( p h e n ) ( b in y ) J3 Ion  ------- --------- ----  —2------------
102k (m in “J~) B a ( k c a l s /m o le ~ x ) h S  ( e . u . )
W ater 7 .81 + 0 .2 4 2 2 .9 + 3 .1
IN HC1 3 0 .3 + 0 .1 2 21 ,6 + 1 .4
5N HC1 ( a t  20°C) 36 .0 + 0 .16 2 0 .4 - - 1 .1
0.098N NaOH 2 6 .3
+
0 .1 2 2 2 .0 + 2 .6
i o n ic  s t r e n g t h  = 1 7 .6 4
+
0 .2 4 - -
0 .0 2 3  M b ipy 7 .2 0
+
0 .24 - -
1M NH4C1 9.41
+
0 .3 2 - -
r -  ^2+
LN K bioy )(p h en )o 3  Ion
W ater 3 .32 0 .1 2 2 3 .6 + 3 .8
IN HC1 1 1 .8
+
0 .36 2 2 .2 + 1 .6
5N HC1 27 .6 + 0 .9 0 21 .6 + 1 .4
0.098N NaOH 10 .1
+
0 .3 0 2 2 .8 + 3 .3
i o n i c  s t r e n g t h  = 2 3 .32
+
0 .1 2 - -
0 ,0 2 8  M bipy 2 .39 0 .07 - -
IM NH.C1 4
4 .4 2 + 0 .1 2 - -
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CHAPTER SEVEN
7 . 0  THE DISSOCIATION QF THE i~N i(phen)( b ip y  ) o 1 " AND 
k N iC b ip v H p h erJ o J 2^ IONS IN ACID SOLUTION.
The d i s s o c i a t i o n  o f  th e  m ixed  l i g a n d  co m p lex es  may be 
e f f e c t e d  in  a c id  s o l u t i o n  in  an a n a lo g o u s  manner t o  t h a t  d e s c r ib e d  
f o r  th e  s im p le  t r i s  com plexes  ( s e c t i o n  2 . 2 ) ,  The a c id  c o n c e n t r a t i o n  
em ployed g o v er n s  th e  r a t e  as w e l l  as  th e  e x t e n t  o f  d i s s o c i a t i o n  
t a k i n g  p l a c e .  In th e  a c id  s o l u t i o n s  shown below  th e  f o l l o w i n g  
e q u a t i o n s  were found t o  r e p r e s e n t  t h e  d i s s o c i a t i o n  p r o c e s s e s ,  w a te r  
m o le c u le s  b e in g  o m i t t e d .
C N i ( p h e n ) ( b ip y ) o ] “ ‘ — -*■ C N i(p h en )I3^  + 2 b ipy
CNiCbipy) ( p h e n o l “"' ^ = ± C N i C p h e n ) ^ ^  + b i p y . , . .
b ipy  + H+ _^_-  b ip y  H1
E q u a t io n  ( 1 )  a p p l i e s  on}.y a t  about 5N a c i d i t i e s  and at
lo w er  c o n c e n t r a t i o n s  a b i s  com plex , presum ably  th e  C N i(b ipyX phenX )
io n ,  may be d e t e c t e d .  E q u a tio n  ( 2 )  a p p l i e s  at a l l  th e  a c id  c o n c e n -
2+
t r a t i o n s  u s e d .  The CNi(phen)on co m p lex  formed i s  s lo w  t o  d i s s -  
121s o c i a t e  “ , c o n s e q u e n t ly  th e  r e v e r s e  o f  e q u a t io n  ( 2 )  can  ta k e  p la c e  
in  s p i t e  o f  th e  la r g e  amount o f  a c id  p r e s e n t .  T h is  l e a d s  t o  a m eta­
s t a b l e  e q u i l ib r iu m  as r e p r e s e n te d  by e q u a t i o n  ( 2 ) .  A t r u e  e q u i l i -
2+
brium i s  p r e c lu d e d  by th e  f u r t h e r  d i s s o c i a t i o n  o f  th e  C N iC phen)^
i o n .  A s i m i l a r  r e - fo r m a t io n  r e a c t i o n  i s  known t o  o c c u r  w i t h  th e
63
s im p le  t r i s  co m p lex es  , but as i t  d o e s  n ot  become a p p r e c ia b le  u n t i l  
a l a t e  s t a g e  in  th e  d i s s o c i a t i o n  i t  may be n e g l e c t e d  in  th e  k i n e t i c  
t r e a t m e n t ,  F or th e  mixed co m p lex es  t h e  e x p e r im e n ts  show t h a t  r e ­
fo r m a t io n  can n ot be n e g le c t e d  and t h e  r e s u l t s  are  i n t e r p r e t e d  u s in g
an opposed  f i r s t  and second  o rd er  r e a c t i o n  schem e.
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7.1 ABSORPTION SPECTRA.
The Beckmann DK2 or Shimadzu recording spectrophotometers
have been employed to obtain the spectra shown in Figure 7.1. In
all measurements freshly prepared aqueous solutions (0.02M) were
used in 1cm cells. The visible spectra of the mixed complexes were
not only very similar but also closely resembled the spectra of the
S3simple tris compounds.
The spectra of the Ni(II) bis and mono complexes prepared 
in this work (section 5.1) are shown in Figure 7.11 and the positions
0 2
of the absorption maxima are in agreement with previous results.
The green bis complexes CNi(phen)2Cl93 and ÜliCbipy)2Cl2-3 were ob­
served to turn pale blue on wetting with water and subsequently to 
dissolve completely giving blue solutions. The conductivity of a
o10“°M solution of LNiCphen^Cl^ was 232mhos corresponding to a 2:1 
electrolyte and consistent with replacement of the Cl ligands by
h2°.
1 5 0 .
Fig. 71
( 1 )  Ü N i(p h e n ) (b ip y )2 3 C l2 * 5 H 2 0  (0 .0 2 M )
( 2 )  C N K b ip y  ) (p h e n )2 3 C l2 * 6 H 20 (0 .0 2 M )
1 5 1 .
io  m/t UNITS
( 1 )  l ^ i C p h e n ^ C l ^
( 2 )  L N i ( b i p y ) 2C1^3
( 3 )  E L N i(b ipy)C l2:i
( 4 )  iÜNiCpherOCl^B
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7.11 THE EFFECT OF ACID ON THE VISIBLE ABSORPTION SPECTRUM OF 
THE ~LNi(phen)(bipy)22+~iON.
The peak at 515my^ present in a neutral solution of the 
tris complex (Figure 7.1) disappears in 3 normal sulphuric acid 
(Figure 7.12, curve 1) and a smaller peak at 540m/^ appears. The 
last mentioned could be attributed to the presence of a bis complex 
since both simple bis complexes absorb in the vicinity of 540ny^ and 
if the mixed bis complex were present it would be expected to behave 
similarly.
In an acid concentration of 5 normal (Figure 7.12, curve 2) 
the maximum has shifted to 600myfc- the region where both the mono 
complexes absorb. It is noteworthy that the red colour of the com­
plex persists in acid solutions up to 2 normal but at higher acid
concentrations the solution turns blue. The studies show that dis-
2+sociation of the LNi(phen)(bipy>2^  ion gives predominantly a bis 
complex until the acid normality exceeds 3 after which a mono complex
is obtained
ch
 O
500 550600
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7.12 THE EFFECT OF ACID ON THE VIS1BLB ABSORPTION SPECTRUM OF 
THE £NiCbipy)(phen)
The change in optical density with time for the 
CNiCbipyXphen),^2 ion in 2.98N hydrochloric acid is shown in 
Figure 7.13, zero time being measured from the moment of dis­
solution. A peak of 550m^- is evident and following the initial 
rapid change the spectrum alters very little. At the lower acid 
concentrations (less than 3N), the solution appears red but at
higher normalities the colour changes to blue and the maximum (550myK)
2+corresponds to the kNiCphen)^~ ion. It is concluded that the bis 
complex was present in all the acid solutions studied*
7.13 THE EXTINCTION COEFFICIENTS.
Preliminary experiments with each mixed tris complex at 
wavelengths of 400, 420, 440, and 520m/*- showed that owing to an 
inadequate change in optical density, only the first two were suit­
able for quantitative rate measurements over a range of acid con­
centrations (viz. 1-5N), In addition, for solutions of less than 
IN the extent of dissociation was insufficient for accurate measure­
ment •
To simplify the calculations almost all readings were made 
at the one wavelength (viz, 400m^\). As the curve at this wave­
length is steep it was necessary to use small band-widths so as to 
maintain accuracy. The slit was generally set at about 0.02mm and 
corresponded to a band-width of 0.
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The e x t i n c t i o n  c o e f f i c i e n t s  were c a l c u l a t e d  from  th e  u s u a l  
f o rm u la ,  D = e c t  where
D =s t h e  o p t i c a l  d e n s i t y
e = t h e  m olar  e x t i n c t i o n  c o e f f i c i e n t
c = t h e  m olar  c o n c e n t r a t i o n
t  = t h e  c e l l  t h i c k n e s s  i n  cms ( h e r e  1cm)
The o p t i c a l  d e n s i t i e s  o f  f r e s h l y  p r e p a r e d  s o l u t i o n s  o f  d i f f e r e n t  
m o la r  c o n c e n t r a t i o n s  were m easured as q u i c k ly  as  p o s s i b l e  and th e  
e x t i n c t i o n  c o e f f i c i e n t s  so o b ta in e d  a re  shown below* Where p o s s i b l e  
t h e  e f f e c t  o f  a c id  on  th e  o p t i c a l  d e n s i t y  was d e te r m in e d .  Thus f o r  
L N i(p h e n )2C l2J  and !LNi(phen)Cl23 a c id  d id  n o t  a l t e r  t h e  e x t i n c t i o n  
c o e f f i c i e n t s .  I t  was no t p o s s i b l e  t o  m easure  a l l  t h e  com plexes  i n  
a c id  m edia  as t h o s e  c o n t a i n i n g  b i p y r i d i n e  d i s s o c i a t e d  r a p i d l y .
MOLAR EXTINCTION C O EFFIC IEN TS
S p e c ie s  Times E x t i n c t i o n  Coef f  i c  i e n t s
Determined 400m/v 420ny*»-
LN i(b ipy)(phen>23C l0 4 88 .1  *  0 .9 37 .4  *  0 .8
CNi(phen)(bipy>23C12 3 9 9 .3  +  0 .5 3 2 .4  *  0 .6
£N i(p h en )2C l2.3 6 12 +  0 .5 . cn 1 + o . 00
Q tfi(b ip y)2C12H 3 22 *  1 -
kN iC phen^l^] 3 5 .7  *  0 .2 3 .0  *  0 .2
LNi(bipy )C l2 -l 3 1 2 .3  *  0 .5 7 .6  1 0 .5
bipy.H + 3 1 .2  _ 0 .0 2 0
phen.H+ 3 0 .5 9 *  0 .0 2 0 .4 5 *  0 .0 2
Ni(H20 ) 6 3 4 .9  t  0 .0 2 2 .5  *  0 .0 2
I t  was n e c e s s a r y  t o  make a c o r r e c t i o n  t o  t h e  o p t i c a l  d e n s i t i e s  of  
CNiCbipy) (phen>23Cl2 f o r  t h e  l^N iC p h e^^ H c^  im p u r i ty  p r e s e n t .  From
_
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t h e  r a c e m i s a t i o n  s t u d i e s  th e  r o t a t i o n  due t o  t h e  k N i(p h e n)
°^  2
p r e s e n t  i n  t^Ni(bipy ) (p h e n )^3 1  - was known. Hence th e  p e r c e n t  impur­
i t y  and c o r r e c t e d  e x t i n c t i o n  c o e f f i c i e n t s  c o u ld  be c a l c u l a t e d .
The u se  o f  th e  more s o lu b le  c h l o r i d e  was p r e f e r r e d  t o  t h e  
i o d id e  and i t  was assumed t h a t  th e  same r e l a t i v e  amount o f  
l ^ N i(p h e n )^ C l^  im p u r i ty  was p r e s e n t  i n  th e  rac e m ic
E j^ iC b ipy)(phen)23C l,> as was found f o r  t h e  a c t i v e  i o d i d e .  T h i s  a s s ­
u m p tion  was r e a s o n a b le  as  c o n v e r s io n  o f  rac e m ic  c h l o r i d e  t o  a c t i v e  
i o d id e  g i v e s  a lm os t  t h e  t h e o r e t i c a l  y i e l d .  W ith in  t h e  e x p e r im e n ta l  
e r r o r s  t h e  e x t i n c t i o n  c o e f f i c i e n t s  were i d e n t i c a l  f o r  e i t h e r  io d id e  
o r  c h l o r i d e  and t h e  c h l o r i d e  has  been used  th ro u g h o u t  t h i s  w o rk .  
7 .1 4  BEER’S LAW«
Sample e x p e r im e n ts  t o  check  th e  v a l i d i t y  o f  B e e r ’ s law 
f o r  t h e  sy s tem s  e n c o u n te re d  a re  shown be low . The agreem ent i s  
r e a s o n a b le  as  d i s p r o p o r t i o n a t i o n  r e a c t i o n s  c o u ld  no t  be e l i m i n a t e d
a l th o u g h  th e  s o l u t i o n s were c o ld  and m easured im m ed ia te ly  a f t e r
d i s s o l u t i o n .
S o l u t i o n  A : uN i(b ipy )(phen> 23C l2 0.00265M
S o l u t i o n  B : L N K p h e n ^ C l ^ 0.0102M
S o l u t i o n  C : L N i(p h e n ) (b ip y )^ 3 c i2 0.00267M
S o l u t i o n  D : CNiCphen)*?!^ 0 .026M
O p t i c a l  D e n s i ty  (400m > )
S o l u t i o n Observed C a l c u l a t e d
3 ml A + 5 ml B 0.171  t  0 .002 0 .1 6 4  1 .005
4 ml A + 4 ml B 0.186 t  0 .002 0 .1 7 8  + .004
5 ml A + 3 ml B 0 .2 0 2  t  0 . 0 0 2 0 .1 9 2  t  .003
3 ml C + 5 ml D 0 .187  t  0 .002 0 . 1 9 2  t  . 0 0 3
4 ml C + 4 ml D 0 .195  t  0 .002 0 .2 0 7  t .003
5 ml C + 3 ml D 0.216 I  0 .002 0 .2 2 1  t  .004
1 5 7 .
7 .1 5  EXPERIMENTAL METHODS.
The r a t e s  o f  d i s s o c i a t i o n  w ere m easu red  by means o f  a 
Shim adzu s p e c tro p h o to m e te r  s e t  a t  a w a v e le n g th  o f  4 0 0 m a n d  s l i t  
w id th s  o f  abou t 0.02mm. T h is  in s tru m e n t i s  a  copy o f  th e  w e ll-k n o w n  
Beckmann m odel D .U .. As f a r  as p o s s ib le  r e a d in g s  w ere k e p t w i th in  
th e  ra n g e  20-80% t r a n s m is s io n  to  g iv e  maximum a c c u ra c y  o f  r e a d in g .  
W ater from  a c o n s ta n t  te m p e ra tu re  b a th  was c i r c u l a t e d  th ro u g h  b o th  
th e  s p e c i a l l y  c o n s tr u c te d  c e l l - h o l d e r  and a j a c k e t  w hich  su rro u n d e d  
th e  c e l l - h o l d e r  com partm en t. The te m p e ra tu re  o f  th e  w a te r  a f t e r  i t  
had l e f t  th e  c e l l - h o l d e r  was m easured  w ith  a th e rm o m ete r c a l i b r a t e d  
in  h u n d re d th s  o f  a d e g re e  c e n t ig r a d e .  The r e a c t i o n  te m p e ra tu re  c o u ld  
be m a in ta in e d  c o n s ta n t  to  w i th in  0 .1°C  a t  20° and 25°C and w i th in  
0 .2°C  a t  o t h e r  t e m p e r a tu r e s .  To p re v e n t  fo g g in g  o f  th e  c e l l s  a t  low 
te m p e ra tu re s  tu b e s  o f  s i l i c a —g e l  w ere s to r e d  in  th e  c e l l  c o m p artm en t.
The r a p id  d i s s o c i a t i o n  r a t e s  o f  b o th  com plexes n e c e s s i t a t e d  
th e  fo l lo w in g  te c h n iq u e .  A w eighed amount o f  th e  com plex  c h lo r id e  
( g e n e r a l l y  abou t O .lg )  was t r a n s f e r r e d  to  a s to p p e re d  c h i l l e d  t e s t -  
tu b e  c o n ta in in g  a s u i t a b l e  volume (20m l) o f  th e  r e q u i r e d  a c id .  I t  
was th e n  sh ak en  v ig o ro u s ly  to  b r in g  abou t co m p le te  s o lu t i o n  o f  th e  
com plex  in  from  1 -4  m in u te s .  The s o lu t i o n  was n e x t p o u red  in to  th e  
d r ie d  1cm c e l l  and re a d in g s  o f  th e  o p t i c a l  d e n s i ty  begun as soon  as 
th e  te m p e ra tu re  o f th e  w a te r  le a v in g  th e  c e l l - h o l d e r  was c o n s t a n t .
To b e g in  a ru n  th e  s to p w a tc h  was s t a r t e d  and m easu rem en ts w ere ta k e n  
c o n t in u o u s ly ,  a l l  ru n s  b e in g  r e p e a te d  a t  l e a s t  o n c e .
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7 .2  KINETICS OF DISSOCIATION OF l t 10-PHENANTHR0LINEBIS ( 2 f 2«-  
BIPYRIDINE) NICKEL(II) CHLORIDE.
The O rd e r  o f  th e  R e a c t i o n .
r  2+
When th e  L N i( p h e n ) ( b ip y ) 2J io n  d i s s o c i a t e s  i n  a c id  
s o l u t i o n  th e  fo l lo w in g  c o n s e c u t iv e  r e a c t i o n s  c a n  t a k e  p l a c e .  (Co­
o r d i n a t e d  w a te r  i s  o m i t t e d ) .
C N i(p h en )(b ip y )23"'+ . k la------ * CNi(phen)(bipy ) 3 2 + bipy ( l a )
O l i (p h e n ) ( b ip y ) 2Ü2+ •
k lb
------ * ClNi(bipy )^3 2+ + phen ( l b )
LNiCphen)(bipy )3
k2a
------ »
2+
LNi(phen)3 + bipy (2 a )
kN i(p h en )(b ip y  )3 2 r ■ k2bj CNi(bipy )3 + phen (2b)
HNi(bipy ) , p 2+ k2c------ V LNi(bipy )3 2+ + bipy (2 c )
2+kNi(phen)3 k3a-------» Ni2+ + phen (3 a )
k N i(b ip y )3 2+ k3b Ni2+ + bipy (3b)
Of c o u r s e  t h e  f r e e  l i g a n d s  in  t h e  above s e t s  o f  r e a c t i o n s  w i l l  be 
p r o t o n a t e d  i n  t h e  a c id  s o l u t i o n .  The o p t i c a l  d e n s i t y  o f  a s o l u t i o n  
a t  t im e  t f sa y ,  i s  t h e  sura o f  t h e  o p t i c a l  d e n s i t i e s  o f  a l l  s p e c i e s  
p r e s e n t .  T h e r e f o r e  i n  1cm c e l l s  we have -
Dt = e l C l  + e 2 °2  + e 3°3 + e n °n  
Dt i s  t h e  o p t i c a l  d e n s i t y  a t  any tim e t  o f  a s o l u t i o n  c o n t a i n i n g
1, 2, 3, . . .  n d i f f e r e n t  s p e c i e s  w i th  e x t i n c t i o n  c o e f f i c i e n t s
e ^ ,  e ol e ^ ,  . . .  e n and c o n c e n t r a t i o n s  c ^ ,  c 2 , Cg, . . .  c n .
The change i n  Dt w i th  tim e i s  g iv e n  by:
dDt = e - +
d t  6 2  I f  + e 3
dc 3 d c n
d t  e n d t
The i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  has been  s i m p l i f i e d  by c o n s i d e r i n g  
some a s su m p t io n s  about t h e  r a t e  c o n s t a n t s  o f  t h e  t h r e e  s e t s  o f  r e ­
a c t i o n s  l i s t e d .  T h is  t r e a tm e n t  i s  a na logous  t o  t h a t  u sed  by e a r l i e r
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w o rk e rs  f o r  th e  s im p le  t r i s  com plexes*
A l l  t h e  i n t e r m e d i a t e  co m p lex es  p ro p o se d  i n  t h e  r e a c t i o n s
2+above sa v e  th e  LNiCbipy)(phen)I3 io n  have been  p r e p a r e d  as  t h e i r  
c h l o r i d e s  ( s e c t i o n s  5,11, 5 , 1 3 ) ,  A r e a s o n a b le  v a lu e  o f  t h e  e x t i n c t i o n  
c o e f f i c i e n t  f o r  k N i ( b ip y ) (p h e n ) 3  was n e c e s s a r y  f o r  t r i a l  c a l c u l ­
a t i o n s  o f  t h e  d i s s o c i a t i o n  d a t a .  T h e r e f o r e ,  a v a lu e  o b t a i n e d  by
2+ 2+
a v e r a g in g  t h o s e  f o r  k N iC b ip y ) ^  and Q tf iC phen^J  h as  been  u s e d ,  
i . e ,  - ^ ( 2 2  + 12) o r  1 7 ,  The a s su m p t io n s  a r e  as  f o l l o w s !
A ssum ption  ( i )  -  R e a c t io n s  i n  s e t  1 s low , s e t s  2 and 3 f a s t .
A ssum ption  ( i i )  -  R e a c t io n s  i n  s e t  1 f a s t ,  s e t s  2 and 3 s lo w .
A ssum ption  ( i i i )  -  R e a c t io n s  i n  s e t s  1 and 2 f a s t ,  s e t  3 s lo w .
In  a d d i t i o n ,  r e - f c r m a t i o n  r e a c t i o n s  may have t o  be c o n s i d e r e d ,  
p a r t i c u l a r l y  i n  1 and 2 norm al a c id s  w here t h e  s p e c t r o p h o to m e t r i c  
m easu rem en ts  show t h a t  d i s s o c i a t i o n  i s  o b v io u s ly  in c o m p le te  ( s e c t i o n  
7 . 1 1 ) ,
A ssum ption  ( i ) .
Here -
LNi2+H = kphen H+H = ^fclbipy H*3 = C t r i s 3 o -  C t r i s J  
where t h e  b r a c k e t s  r e f e r  t o  c o n c e n t r a t i o n s ,  r e f e r  t o  i n i t i a l  t i m e s .
A lso  -
o t  = e t r i s C t r ia 3  + e N12+E:Nl2+:! + e b ip y  ^ C h i p y  H+3 + ^ C p h e n  l i t ]
S u b s t i t u t i n g  t h e  f o l l o w in g  a b b r e v i a t i o n s ,  v i z ,  -
e t r i s  = T ; e N . 2+ = n ;  e b ip y  ^  = b ;  H+ = P; C t r i s 3 0 = c Q; and
L t r i s 3  = C, 
we o b t a i n  -
Dt = Tc + n ( c o -  c )  + 2 b ( c Q -  c )  + p ( c Q -  c )
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" • le tFor a first order process c = cQe where k is the rate constant 
and t the time,
Therefore -
Dt = Tcoe“kt + (n + 2b + p)cQ - (n + 2b + p)coe"kt 
Dt - (n + 2b + P)c0 = £Tc0 - (n + 2b + p)c03e”kt 
Taking logs -
In Dt - Cn + 2b + p)c0 = constant - kt
Thus a plot of log10 of the left hand side of this equation (log E)
against a time abscissai should give a straight line of slope - k
2,303
Figure 7,20 gives some results for various sulphuric acid concentra­
tions at different temperatures.
cü
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( 1 )  0 .5N  H2S04 a t 250C. <2> 3N a t 10°C . ( 3 )  SN H2S04 a t 1Ö°C.
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Similar curves were obtained with hydrochloric acid although 
here the curving takes place at somewhat later times. Certainly for 
the two lower acid concentrations the assumption made is incorrect.
On the other hand if the acid concentration is increased to 3 normal 
the graph remains linear for a half-life period and with further in­
creases in the acidity good straight lines are obtained. Figure 7,20b 
gives some results at 10°, 15°, and 23°C, The primary data are also 
given (Table 7,20b),
As the plots do not show flattening out over the whole
acid range, that observed at lower acidities cannot be due to the
2+presence of an impurity such as the t-NiCphen)^! ion. It did not 
seem reasonable to include a reverse reaction such as -
Ni2+ + phen + 2 bipyCNi(phen)(bipy)^3
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CI) I O C
(2)23T
Cl) 2.98N HC1
(2) 5 .ON HC1
(3) 5.ON H2S04
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TABLE 7 .2 0 h  
r_ 2+
D i s s o c i a t i o n  o f  k N i ( p h e n ) ( b i p y i n  5 normal a c i d s  c a l c u l a t e d
by a s su m p t io n  ( i ) . L t r i s 3 Q e q u a ls 0 .7 0 2  x 10 M.
H2S 0 1 a t 15°C HC1 a t 23°C
t ( m i n ) Dt (Dt - . 5 5 ) l o g(D t— .5 5 ) t ( m i n ) Dt (D t—,5 5 )
l o g
(D t— .51
0 s 0 ,5 1 4  0 .4 5 9 1 .3 6 2 0 s 0 .3 7 1 0 .3 1 6 1 .5 0 0
18 s .4 9 1 .4 3 6 .3 4 0 22 s .326 .2 7 1 .4 3 3
31 s .4 7 7 .4 2 2 .6 2 5 50 s .279 .2 2 4 .3 5 0
57 s .4 4 9 .3 9 4 .596 1 -1 3 ,241 .1 8 6 .2 7 0
1 -1 5 .4 2 5 .3 7 0 .5 6 8 1 -3 0 .2 1 5 .1 6 0 .2 0 4
1 -4 4 .3 9 5 .3 4 0 .5 3 2 2 - 0 .1 8 3 ,1 2 8 .1 0 7
2 -0 .3 7 9 .3 2 4 .511 2 -1 5 .169 .1 1 4 .0 5 7
2 -2 2 .3 6 0 .3 0 5 .4 8 4 2 -4 2 .146 .0 9 1 2 .9 5 9
2 -5 0 .3 3 5 .2 8 0 .4 4 7 3 -0 5 .131 .076 .8 8 1
3 -2 5 .3 0 5 .2 5 0 .3 9 8 3 -2 2 .121 .0 6 6 .8 2 0
4 -0 3 .2 7 5 .2 2 0 .3 4 2 3 -3 9 .111 .0 5 6 .7 4 8
4 -2 1 .2 6 4 .2 0 9 .3 2 0 4 - 1 5 .095 .0 4 0 .6 0 2
5 -0 .2 4 2 .187 .2 7 2 9 .4 5 ,059 .0 0 4 3 .6 0 2
5 -2 7 .2 2 8 .1 7 3 .2 3 8 1 5 -0 .057 .0 0 2 .3 0 1
7 -0 3 .1 8 7 .1 3 2 .1 2 1
9 -1 3 .1 4 9 .0 9 4 2 .9 7 3
1 1 -2 0 .1 2 4 .0 6 9 .8 3 9
1 3 -1 5 .1 0 7 .0 5 2 .716
1 5 -0 5 .0 9 8 .0 4 3 .6 3 4
1 7 -2 0 .0 9 1 .036 .556
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TABLE 7.2QJ» ( C o n t d . )
5N H?S0A a t  23'°C 2 .9 8 N  HC1 a t 10°C
(D t - l o g  (D t - (D t  - l o g  (D t
t ( m i n ) Dt 0 . 0 5 5 ) 0 . 0 5 5 ) t ( m i n ) Dt 0 . 0 5 5 ) 0 . 0 5 5 )
0 s 0 . 3 9 8 0 . 3 4 3 1 . 5 3 5 0 0 . 5 2 0 0 . 4 6 5 1 . 6 6 8
1 8  s .3 6 4 .3 0 9 .4 9 0 2 .4 5 1 .3 9 6 .5 9 8
33 s .3 3 9 .2 8 4 .4 5 3 3 .4 2 9 .3 7 4 .5 7 3
1 - 0 2 .2 8 9 .2 3 4 .3 6 9 4 - 0 8 .4 0 2 .3 4 7 .5 4 0
1 - 2 2 .2 5 9 .2 0 4 .3 1 0 5 .3 8 5 .3 3 0 .5 1 9
1 - 4 0 .2 3 6 .1 8 1 .2 5 6 6 - 3 0 .3 6 0 .3 0 5 ,4 8 4
2 .2 1 1 .1 5 6 .1 9 3 8 .3 3 6 .2 8 1 .4 4 9
2 - 1 8 .1 9 1 .1 3 6 .1 3 4 9 - 3 5 ,3 1 4 .2 5 9 .4 1 3
2 - 3 3 .1 7 8 .1 2 3 .0 9 0 1 2 - 1 0 .2 8 0 .2 2 5 .3 5 2
2 - 5 8 .1 6 0 .1 0 5 .0 2 1 14 .2 6 2 .2 0 7 .3 1 6
3 - 2 6 .1 4 0 .0 8 5 2 . 9 2 9 16 .2 4 5 .1 9 0 .2 7 9
4 - 0 .1 2 4 .0 6 9 .8 3 9 19 .2 2 1 .1 6 6 .2 2 0
5 - 3 0 .0 9 6 .0 4 1 .6 1 3 2 2 - 2 0 .1 9 7 .1 4 2 .1 5 2
6 - 0 9 .0 9 0 .0 3 5 .5 4 4 2 4 - 5 4 .1 8 5 .1 3 0 .1 1 4
7 - 2 4 .0 7 9 .0 2 4 .3 8 0 31 .1 6 0 .1 0 5 .0 2 1
40 .1 3 9 .0 8 4 2 . 9 2 4
5 6 - 4 0 .1 2 1 .0 6 6 ,8 2 0
6 8 - 1 5 .1 1 6 .0 6 1 .7 8 5
166
A ssu m p tio n  ( i i ) .
Here —
Lmixed bisH = Chipy HT1 = L t r i s 3 Q -  C trisU  
A lso  -
Dt = Tc + mb Cmixed b is 3  + b Cbipy H 3 
w here mb = th e  e x t in c t io n  c o e f f i c i e n t  o f  th e  m ixed b i s  co m p lex  and 
th e  o th e r  term s are as d e f in e d  f o r  a ssu m p tio n  ( i ) .
T h e r e fo r e  —
Dt = Tc + (mb + b) ( c 0 -  c )
= Tc + (mb + b )c Q -  (mb + b )c
= (T -  mb -  b )c 0 e “ k t + (mb + b )c Q
Dt -  (mb + b )c  = (T -  mb -  b )c  e  o o
T ak in g  lo g s  -
ln £ j)t -  (mb + b )c Q3 = ln (  c o n s t  a n t)  -  k t
Thus a p lo t  o f  log^Q ÜDt -  (mb + b )c Q3 a g a in s t  a tim e  a b s c i s s a e
sh o u ld  g iv e  a s t r a ig h t  l i n e  o f  s lo p e  -  k • F ig u r e  7 .2 0 1  i l l u s -
2 ,3 0 3
t r a t e s  some exam p les under v a r io u s  c o n d i t i o n s .  I t  i s  e v id e n t  t h a t  
no l i n e a r  r e la t io n s h ip  p r e v a i l s .  A g a in  th e  r e v e r s e  r e a c t i o n  c o u ld  
w e l l  be p ro d u c in g  th e  f l a t t e n i n g  o u t o f  th e  c u r v e .
1 6 7 .
scale! curvecd
F Ig. 7-201
20 MiN. 30
U s in g  a s s u m p tio n  ( i i )
( 1 )  3N H23C>4 a t  5 ° C ; ( 2 )  2 .9 8 N  HC1 a t  2 0 °C ; 5 , ON HC1 a t  5 °C ,
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C o n s id e r in g  a ssu m p tio n  ( i i )  but ta k in g  in t o  a cc o u n t th e
r e v e r s e  r e a c t io n  we h ave:
. . k .t r i s b i s  + l ig a n d
I f  cq i s  th e  i n i t i a l  c o n c e n t r a t io n  o f  t r i s  com p lex  and x  th e  amount
o f  b i s  form ed in  tim e  t ,  th e n
—  = k (c  -  x ) -  k^x2
dt o ( 1 )
and a t e q u il ib r iu m
dx
x = xe> 7i = 0
Thus -
k (c Q -  x ) = k^Xg0 
and s u b s t i t u t i n g  f o r  k1 in  (1 )
dx , 
«  = k
18 0T h is  e q u a t io n  may be in t e g r a t e d ,  in  a rea rra n g ed  form  , u s in g  th e  
m ethod o f  p a r t i a l  f r a c t i o n s  t o  g iv e :
l n  ° o xe  + x (o o “  xe 5 = k ( 2 c o -
>0 (Xe - x)
I t  ca n  be s e e n  th a t  p l o t t i n g  lo g - ° o xe + x ( c o -
’10 Co^Xe -  x ) 
a g a in s t  t  sh o u ld  g iv e  a s t r a ig h t  l i n e  o f  s lo p e
k (2 c  -  xQ)
as o r d in a te
m =
i  *e •
2 . 3 0 3  Xg 
2 , 3 0 3  xe ,m
<2oo -  V
To c h ec k  t h i s  a ssu m p tio n  th e  o p t i c a l  d e n s i t y  was t r e a t e d  in  th e  
f o l lo w in g  manner -
Dt = T (c 0 -  x ) + (mb + b )x
S in c e  i t  i s  known th a t  th e  b is  b ip y r id in e  n ic k e l  co m p lex  d i s s o c i a t e s
6 3r a p id ly  t o  th e  m e ta l io n  in  a c id  s o l u t io n  , th e  p r e s e n c e  o f  th e  
a l t e r n a t i v e  m ixed b is  co m p lex  i s  assum ed h e r e .
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Thus -
Dt = 99.3 (co - x) + (17 + 1.2)x
= 99,3 cQ - 99.3x + 18.2x
= 99.3 c0 - 81,lx
x = 99.3 cQ — Dt
81.1
However, in acids of normality greater than two the quantity Dt de­
creases to a value which makes x ^  cQ, which is impossible.
On the other hand, in one and two normal acids reasonable 
straight line graphs were obtained, samples of which are given in
Figure 7.202. The rate constants calculated from their respective
-2 -1 -2 »1slopes were 33.7 x 10 min in 1 normal HC1 and 46 x 10 min in
2 normal acid both at 25°C. Unfortunately, the maximum change in 
optical density which could be measured was 0.1 units. This was con­
sidered to be too small to warrant a quantitative study at the lower 
acid concentrations but the results indicate that a reaction of the 
opposed first and second order might be present.
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FIg. 7-202
4 MiN.
c°xe + xCcQ - Xg)
E = cQ Cxg - x)
(1) IN HC1 at 25°Cj (2) 2N H2SC>4 at 25°C.
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A ssum ption  ( i i i ) . 
Here -
Lmonophenl = ^ tb ip y  H 3 = CtrisJ - Eütris3
o
A lso  -
Dt = Tc + mumonophenl + bub ipy  H 3
w here -
m *  th e  e x t i n c t i o n  c o e f f i c i e n t  o f  t h e  mono 
p h e n a n th r o l i n e  com plex .
I t  i s  known t h a t  t h e  m o n o b ip y r id in e  com plex  d i s s o c i a t e s
v e ry  r a p i d l y  i n  a c id  s o l u t i o n 00 bu t  t h e  m o n o p h e n a n th ro l in e  com plex  
120d o e s  no t  • C o n se q u e n tly  o n ly  t h e  l a t t e r  was assumed t o  be p r e s e n t .  
T h e r e f o r e  -
Dt = Tc + (m + 2b) ( c Q -  c )
— Tc + (m + 2 b ) c 0 -  (m + 2b )c
Then -
- k t
Dt -  Cm + 2 b )c 0 =s (T -  m -  2 b ) c Qe 
t a k i n g  lo g s  -
In  CDt -  (m + 2 b )c Q3 = I n  ( c o n s t a n t )  -  k t
Thus a p l o t  o f  l o g 1Q Ü)t -  (m + 2b)Co3 a g a i n s t  a t im e  a b s c i s s a e
s h o u ld  y i e l d  a s t r a i g h t  l i n e  o f  s lo p e  -  •
A ssum ptions  ( i )  and ( i i i )  gave r i s e  t o  a lm o s t  i d e n t i c a l
e x p r e s s i o n s  f o r  t h e  c o r r e c t e d  o p t i c a l  d e n s i t y ,  e , g ,  when 
—2c Q = 0 ,7 0 2  x 10 M, ( i )  gave Dt -  0 ,0 5 5  and ( i i )  gave Dt -  0 , 0 5 7 ,  
F o r t u n a t e l y ,  t h e  v i s i b l e  a b s o r p t i o n  s p e c tru m  i n  5N a c id  ( s e c t i o n  7 ,1 1 )
d i s c l o s e d  th e  p r e s e n c e  o f  a mono com plex  w h ich  c o u ld  o n ly  be
2+ n2+
N i(p h e n )  s in c e  t h e  d i s s o c i a t i o n  o f  N i ( b ip y )  i n  a c id  s o l u t i o n  was
known t o  be v e ry  f a s t .  T h e r e f o r e ,  a s su m p t io n  ( i i i )  was u sed  t o  c a l ­
c u l a t e  t h e  r a t e  c o n s t a n t s .  Some r e s u l t s  em p loy ing  d i f f e r e n t  i n i t i a l
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concentrations of complex in 5N acids at 15°C are given below:
n 10 k HC1 10 k ELSO „_Q —  ----2— 4
0.702 21.6 18.3
0.351 21.6 19.3
0.176 21,9 18.4
The dissociation of the C N i ( p h e n ) ( b i p y i o n  is con­
veniently summarised here. Thus in acid solutions of below 3N the 
change in optical density was not sufficient for reasonably accurate 
measurements to be made. An approach using an opposed first and 
second order reaction scheme could be fitted to the observations and
it was concluded that appreciable re-formation was present.
2+In 5N acids rapid dissociation to the Ni(phen) ion was 
consistent with the observations. First order rate constants and 
their temperature dependences are given in the succeeding pages; for 
convenience the racemisation results are included. It is evident 
that the two processes are the same within the experimental errors.
(In the figures, racemisation values are shown by an x, dissociation 
values by a dot, and the error in the dissociation by a vertical line).
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2+D i s s o c i a t i o n  and R a c e m is a t io n  o f  L N i ( p h e n ) ( b i p y i n  
5 Normal H y d r o c h lo r i c  Acid
D i s s o c i a t i o n  R acem isa t  io n
°c 1 0 3 *r (°K) 102k(m in“ 1 ) lo g  k 2 - 1  10 k (m in  ) lo g  k
5 ,0 3 .597 5 .3 2 2 .726 5 .5 0 2 .7 4 0
1 0 .0 3 ,534 1 0 ,8 1 .0 3 3 1 0 .3 1 .0 1 3
1 5 .0 3 .472 2 1 .6 1 .3 3 5 1 9 .7 1 .2 9 5
2 0 .0 3 .413 34 .9 1 .5 4 3 36 .0 1 .5 5 6
2 3 .0 3 .3 7 8 5 0 .9 1 .7 0 7
D i s s o c i a t i o n :  Ea  = 2 0 .3  k c a l s / m o l e ;  lo g  A = 1 2 .8 8  s e c ~ x ;
4 s *  = -  1 .6  e . u .
R a c e m is a t io n :  Ea = 2 0 .4  k c a l s / m o l e ;  lo g  A = 1 2 .9 9  s e c ” ^;
A S* = -  1 ,1  e . u .
5 N. HCL
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D is s o c ia t io n  and R a c e m is a t io n  o f  C N i(p h e n ) (b ip y )p Z ]  i n
5 N o rm a l S u lp h u r ic  A c id
D is s o c ia t io n  R a c e m is a t io n
° c 3 1 n 10 t  ( ° K ) 1 0 2 k ( m in “ 1 ) lo g  k 1 0 2 k (m in ~ 1 ) lo g  k
5 ,0 3 .5 9 7 4 .8 8 2 .6 8 8 4 .8 2 2 .6 8 3
1 0 .0 3 .5 3 4 1 0 .0 I . 000 9 .3 0 2 .9 6 9
1 5 .0 3 .4 7 2 1 8 .3 1 .2 6 1 1 7 .7 1 .2 4 8
2 0 .0 3 .4 1 3 3 1 .2 1 .4 9 4 3 3 .5 1 .5 2 5
2 3 .0 3 .3 7 8 4 2 .1 1 .6 2 5 ,
D is s o c ia t io n :  E a  =  1 9 .4  k c a ls / m o le ;  lo g  A =  1 2 ,1 5  sec ^ ;
A s *  = - 4 , 9  e . u ,
R a c e m is a t io n :  E a  =  2 0 ,9  k c a ls / m o le ;  lo g  A =  1 3 ,3 2  sec""'1' ;
A s *  =  + 0 ,5  e , u .
5 N. H SO
lo g  k
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7 .3  KINETICS OF DISSOCIATION OF 2 f 2*-BIPYRIDINE BIS ( l r 1 0 -  
PHENANTHBOLINE NICKEL(II) CHLORIDE.
2+N o te :  The p r e s e n c e  o f  a s m a l l  amount o f  t h e  L N iC phen)^  io n  was
d e t e c t e d  i n  t h e  r a c e m i s a t i o n  s t u d i e s ,  In  view o f  t h e  a lm ost 
q u a n t i t a t i v e  c o n v e r s i o n  o f  racem ic  kNi(phen)oIl^  com plex  
i n t o  t h e  a c t i v e  form  i t  was r e a s o n a b le  t o  assume t h a t  a s im i ­
l a r  amount o f  t h e  L N iC p h e n )^ 2* io n  was p r e s e n t  i n  t h e  r a c e -  
m ate u se d  f o r  t h e  d i s s o c i a t i o n  s t u d i e s .  A c c o r d in g ly ,  a 
c o r r e c t i o n  h a s  been  made t o  t h e  o p t i c a l  d e n s i t i e s  by sub ­
t r a c t i n g  t h e  c a l c u l a t e d  o p t i c a l  d e n s i t y  due t o  th e  
L N iC p h en )^  2+ io n ,
i * e • Dt ^ o b s e rv e d  “ D£ N i(p h e n )3l 2^
A t r e a t m e n t  a n a lo g o u s  t o  t h a t  g iv e n  f o r  C N i(p h e n )(b ip y
( s e c t i o n  7 ,2 )  u s e s  t h e  same s e t s  o f  e q u a t i o n s  t o  r e p r e s e n t  t h e  d i s -
_  2-
s o c ia / t i o n  e x c e p t  t h a t  e q u a t i o n s  ( l b )  and (2 c )  r e f e r  t o  LNKpherO-^J
2+i n  p l a c e  o f  C N i(b ip y )o ]  • F o r  a f i r s t  o r d e r  p r o c e s s  s i m i l a r  a s s ­
u m p tio n s  c o n c e r n in g  t h e  r e l a t i v e  r a t e s  have been made and y i e l d  t h e
f o l l o w i n g  c o r r e c t e d  o p t i c a l  d e n s i t i e s .  The a b b r e v i a t i o n s  used  a re  
t h e  same as d e f i n e d  p r e v i o u s l y  (page  l 1? ? ) .  In  a d d i t i o n ,  bp i s  u sed
2-f*
f o r  t h e  e x t i n c t i o n  c o e f f i c i e n t  o f  t h e  C N i(b ip y )(p h e n ) . l  i o n .  
A ssum ption  ( i )  -
Dt -  (n  + b + 2p ) c Q
A ssum ption  ( i i a )  -
Dt -  (bp + p ) c Q 
A ssum ption  ( i i b )  -
Dt -  (mb + p ) c Q
A p l o t  o f  log-^Q o f  t h e  c o r r e c t e d  o p t i c a l  d e n s i t y  f o r  e a c h  assu m p tio n  
a g a i n s t  a t im e  a b s c i s s a e  s h o u ld  g iv e  a s t r a i g h t  l i n e  i f  th e  assump­
t i o n  made was c o r r e c t .  F ig u r e  7 ,3 0  shows t h e  g ra p h s  f o r  e a ch  
a s s u m p t io n .  The u p p e r  s e t  were o b t a in e d  i n  IN HC1 a t  15°C and th e  
low er  s e t  in  5N HC1 a t  15°C. I t  may be s e e n  t h a t  no l i n e a r  r e ­
l a t i o n s h i p s  were o b t a i n e d
<-*
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1 7 6 .
Fig. 7 3 0
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The v i s i b l e  a b s o r p t i o n  s p e c t r a  o f  t h e  com plex  i n  a c id  
s o l u t i o n  ( s e c t i o n  7 .1 3 )  s u g g e s te d  t h a t  a t  l e a s t  f o r  a c i d i t i e s  l e s s  
t h a n  3N r e - f o r m a t i o n  c o u ld  o c c u r .  I t  h a s  been  o b s e rv e d  f o r  t h e  s im p le
t r i s  co m p lex es ,  t h a t  a p p r e c i a b l e  r e - f o r m a t i o n  t a k e s  p l a c e  i n  s o l u t i o n s
0 3o f  l e s s  t h a n  3N a c i d i t y  • T h e r e f o r e ,  a. t r i a l  o f  t h e  d a t a  a c c o r d in g  
t o  an opposed  f i r s t  and second  o r d e r  scheme was c a r r i e d  o u t .  The 
d e r i v a t i o n  o f  t h e  r a t e  e q u a t i o n  h a s  a l r e a d y  been  g iv e n  (p ag e |G $  ) .
7 .3 1  TREATMENT OF DATA.
E q u a t io n s  ( 1 )  and ( 2 )  below r e p r e s e n t  t h e  p o s s i b l e  d i s
s o c i a t i o n s  i n  a c id  s o l u t i o n .
CN i(b ipy  X p h e n ) ^ ^  H N i(phen)23 + b ip y  ............................ (1 )
uNiCbipy X p h e n ) ^ ^  — > k N i(b ip y  )(phen)I32+ + phen   ........... (2 )
The f r e e  l i g a n d s  w i l l  be p r e s e n t  m a in ly  as t h e i r  p r o t o n a t e d  fo rm s .  
U sing  t h e  n o m e n c la tu re  d e f in e d  e a r l i e r  t h e  c o r r e c t e d  o p t i c a l  d e n s i t i e s  
a t  t im e  t  a re  g iv e n  by t h e  f o l l o w i n g :
Dt = T ( c 0 -  x) + ( b p  + b ) x  ...................... .............................. . . . ( 1 )
Dt = T ( c 0 -  x) + (mb + p ) x  ............................................................ (2 )
S u b s t i t u t i o n  o f  t h e  n u m e r ic a l  v a lu e s  f o r  t h e  e x t i n c t i o n  c o e f f i c i e n t s  
and r e - a r r a n g i n g  g i v e s :
8 8 .1  c 0 -  Dt
x ( l )  = ------------- ------- ;
7 4 .9
x( 2 ) =
88 .1  c 0 -  Dt 
7 0 .5
The v a lu e s  found  f o r  x were used  t o  p l o t  t h e  g ra p h  o f  lo g
°Xe + x ( c Q -  Xq ) I v e r s u s  t i m e .  U n f o r t u n a t e l y ,  i t  was n o t  p o s s i b l e  
c 0 (x e  -  x) )
t o  d i s t i n g u i s h  be tw een  a ssu m p t io n s  (1 )  and ( 2 ) .  In  t h e  r e s u l t s  w hich 
f o l lo w  x  has  b een  o b t a i n e d  from ( 1 ) .
I t  i s  n o te w o r th y  t h a t  a b lu e  c r y s t a l l i n e  s o l i d  c o u ld  be 
i s o l a t e d  from  a  s o l u t i o n  o f  th e  t r i s  com plex  i n  3N a c id  ( c f .  s e c t i o n
7 .1 )
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Analysis gave : CNi(C10H N ) (H 0)3C1 .3H 012 8 2 2  2 d  2 2
Calcd• C, 49.64 ; H, 4.65 ; N, 9.65%
Found C, 49.70 ; H, 4.09 ; N, 9.53%
The curves in Figure 7.32 illustrate the method used to 
determine the "equilibrium” value of the optical density for solutions 
of varying acid concentrations. Following the initial decrease the 
optical density continued to change at a much slower rate. In 
practice, if the time interval betv/een the initial reading and the 
horizontal portion of the graph was, say, 40 min., it was found that 
over the next 40 min. the optical density would change very little, 
(i.e. by about 2%). The value of the optical density at the mid­
point of this horizontal portion was used as a reasonable estimate 
of the "equilibrium" position and could be repeated with a precision 
of about 2%. A sample calculation of the first order rate constant 
is shown below for a IN HC1 solution at 15 ^ 0.2°C. The data used 
are given in Table 7.321 and Figure 7.321. Some results in 5N HC1 
at 10°C are also included.
179 .
HCL 15 C 
Fig. 7-32
( 1 ) IN HCl
( 2 ) 1 .9 8N  HCl
( 3 ) 2 .9 8N  ”
( 4 ) 3 .98N "
( 5 )  5N HCl
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Sample Calculation 7.321.
c0 = 0.622 x 10’2M
Dt = D(observed) - 0.029 where 0.029 is the tris impurity 
correction.
88.1 c^ - Dtx = ------°-----74.9
(88.1 x 0.622 x 10"") + 0.029 - D(observed)
= 74.9
0.577 - D observed 
74.9
- 2xe = 0.266 x 10 and the slope (m) of the plot
C X "f* C )log1r. ° e______° e versus time (Figure10 cQ (Xg - x)
7.321) is m = 5.02 x 10~2
2.303 m Xg 
(2c0 - xe)
2.303 x 5.02 x 10"A x 0.266 x 10“2 
0.978 x 10-2
= 3.14 x 10“2 min“'1'
Similarly in 5N HC1 at 10°C -
—2 —2 —1 m = 2.07 x 10 whence k = 3.87 x 10 min
Thus -
k
I N HC
IO  MiN. 15
5N.HCL IOC.FIG. 72
2 0  MiN. 3 0
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Rate constants calculated in the manner shown were indepen­
dent of the initial concentration over the acid range employed. Some
results at 25°C are given in Table 7.322.
TABLE 7.322
Acid 102Co kCmin“1)
0.5N HC1 0.498 0 . 1 0
1» It 0.995 0 . 1 1
IN HC1 0.744 0 . 1 1
»1 tt 0.622 0 . 1 1
3N HC1 1 #82 0.14
»» ii 0.622 0.15
5N HC1 0.498 0.27
ii ti 0.747 0.27
The activation energies, frequency factors, and entropies
of activation have been calculated from the results of temperature
variation studies given in the following pages. The method of 
calculation used has been described (section 6.4). Included are the 
racemisation results under the same conditions. In the figures 
those points enclosed by circles represent racemisation values and 
their vertical diameters give the errors. Corresponding dissociation 
results are shown by triangles and their errors by vertical lines.
It is evident that within the experimental errors the results are the 
same for both dissociation and racemisation.
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2+D i s s o c i a t i o n  and R a c e m is a t io n  o f  L N i ( b i p y X p h e n ) ^  i n
5 Normal H y d r o c h lo r ic  A cid
D i s s o c i a t i o n  R a c e m is a t io n
°c
3 1 _
10 Tf C°K) 1 0 2k(min"*'L) l o g  k 1 0 2k(m in- 1 ) l o g  k
2 5 . 0 3 .3 5 6 2 7 .0 1 .4 3 1 2 7 .6 1 .4 4 1
2 0 . 0 3 .4 1 3 1 4 .9 1 .1 7 3 1 7 .6 1 .2 4 6
1 5 . 0 3 .4 7 2 7 .2 7 2 .8 6 2 8 .9 5 2 .9 5 2
1 0 . 0 3 .5 3 4 4 . 1 0 2 .6 1 3 4 . 7 1 2 .6 7 3
5 . 0 3 .5 9 7 2 .3 6 2 .3 7 3 2 . 3 7 2 .3 7 5
D i s s o c i a t i o n :  Ea = 2 1 , 0  k c a l s / m o l e ;  l o g  A =  1 3 ,0 1  s e c ” 1 ;
4  = -  1 . 0  e . u .
R a c e m is a t io n :  Ea = 2 1 ,6  k c a l s / m o l e ;  l o g  A = 1 3 ,5 3  s e c “ 1 ;
d  3^ = + 1 . 4  e , u .
5 N. HCL
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D is s o c ia t io n  and K a c e m is a t io n  o f  £ N i ( b ip y ) ( p h e n ) ^ ] 2^  j n  
2 ,9 8  N o rm a l H y d r o c h lo r ic  A c id
D is s o c ia t io n  R a c e m is a t io n
° c 1 0 J Z  ( ° K ) 1 0 2k ( m in “ '1' ) lo g  k 10 2k (m in  * ) lo g  k
2 5 .0 3 .3 5 6 1 4 .9 1 .1 7 3 1 6 .3 1 .2 1 2
2 0 .0 3 .4 1 3 8 .0 2 2 .9 0 4 8 .5 5 2 .9 3 2
1 5 .0 3 .4 7 2 4 .0 3 2 .6 0 5 4 .4 9 2 ,6 5 2
5 .0 3 .5 9 7 1 .1 6 2 .0 6 5
D i s s o c ia t io n :  E a  =  2 1 ,4  k c a ls / m o le ;  lo g  A =  1 3 ,1 0  se c“ '1' ;  
A S *  = -  0 .6  e , u ,
R a c e m is a t io n :  E a  = 2 2 ,1  k c a ls / m o le ;  lo g  A =  1 3 ,6 5  sec“ '1' ;  
A S *  =  +  2 ,0  e . u .
lo g  k
2-98 N HCL
187
D i s s o c i a t i o n  and R a c e m is a t io n  o f  Ü N K blpy ) (p h e n )^ 3  i n  
1 Normal H y d r o c h lo r ic  Acid
D i s s o c i a t i o n  R a c e m is a t io n
° c 1 0 3 “  (°K) 10^k(m in~^) lo g  k 102k(m in‘*1 ) lo g  k
2 5 .0
l
3 .356 1 1 .0 1 .0 4 1 1 1 .8 1 .072
2 0 .0 3 .4 1 3 5 .4 1 2 .7 3 3 6 .5 9 2 .819
1 5 .0 3 .472 3 .0 1 2 .4 7 9 3 .3 3 2 .522
1 0 .0 3 .5 3 4 1 .4 4 2 .1 5 8 1 .6 9 2 .228
D i s s o c i a t i o n :  Ea  = 2 2 .7  k c a l s / m o l e ;  lo g  A = 1 3 .8 8  sec"“'1’; 
A s *  = + 3 .0  e . u ,
R a c e m is a t io n :  Ea = 2 2 .2  k c a l s / m o l e ;  lo g  A = 1 3 .5 7  s e c “ ^  
A S  * = + 1 .6  e . u .
l o g  k
IN. HCL
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2+Dissociation and Racemisation of LNi(bipy )(phen),-,3 in 
1,97 Normal Sulphuric Acid
Dissociation Racemisation
° c 10J t  (°K) 102k(min'“1) log k lO^kCmin”1) log k
25.0 3,356 12.0 1.079 13.6 1.134
20.0 3.413 6.35 2.803 6.64 2.822
15.0 3.472 3.72 2.571 3.33 
(14°. 8)
2.522
10.0 3.534 1.80 2.255 1.69 2.228
Dissociation: Ea = 21,3 kcals/mole;
A  S* = - 1,2 e.u,
Racemisation: Ea = 23,1 kcals/mole;
A S  * = + 4 .7 e ,u.
log A = 12,95 sec”1; 
log A = 14,25 sec”1;
1-97 N. H SO
log k
3 110 t
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D is s o c ia t io n  and R a c e m is a t io n  o f  C N i( b ip y ) ( p h e n ) ^ 3  i n  
5 N o rm a l S u lp h u r ic  A c id
D is s o c ia t io n  R a c e m is a t io n
°c 1 0 °  Y  ( ° K ) 1 0 2 k ( m in ” ^ ) lo g  k 10 2 k ( m in “' 1 ) lo g  k
2 5 ,0 3 .3 5 6 2 2 .5 1 .3 5 2 2 7 .6 1 .4 4 1
2 3 .0 3 .3 7 8 1 9 .0 1 .2 7 9 - -
20.0 3 .4 1 3 1 3 .0 1 .1 1 4 1 5 .1 1 ,1 7 9
1 5 .0 3 .4 7 2 8 .1 0 2 .9 0 9 7 .9 4 2 .9 0 0
10.0 3 .5 3 4 4 .0 2 2 .6 0 4 3 .9 9 2 .6 0 1
D is s o c ia t io n :  E a  =
A S
1 9 .9  k c a ls / m o le ;  lo g  A 
*  =  -  4 .6  e . u .
=  1 2 .2 1  sec” ~;
R a c e m is a t io n :  E a  =
A s
2 1 .4  k c a ls / m o le ;  lo g  A 
^ =  +  0 .7  e . u .
=  1 3 ,3 7  sec“ “ ;
5 N H SO
34  ‘ 3*6
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7,4 ERRORS ,
Racemisation:
The measurements of the racemisation rate constants could 
be repeated with a precision of _ 2% and have an accuracy of within 
1 5% for both complexes studied. The following method has been used 
in making an estimate of the errors. When two numbers were added or 
subtracted the error in the result was approximately given by the sum 
of the errors in the separate numbers. When two numbers were multi­
plied together or divided the error was approximately given by the sum
219of the percentage errors."' The error in the measurement of the
218slopes has been obtained by the method suggested by Livingstone.
The errors in the Ea and -A 3^ values for the racemisation results
-J-are estimated as _ 0.6 kcal and __ 2 e.u..
Dissociation:
Successive determinations of the rate constants for both
mixed tris complexes had a precision of within 1 5%, The accuracy
+ 2+ + varied from about _ 8% for the LNi(phen)(bipy)<p ion to about __ 15%
2+for the tÜNiCbipy)(phen) 3 ion. For the last complex the results 
were most accurate at the higher acid concentrations where there was 
the greatest change in optical density. Moreover, the method used
2+to calculate the first order rate constants for the 5lNi(bipyXphen)^
ion involved the difference, viz. xe - x, of two experimentally
determined quantities and further enhanced the errors present. The
« + +respective errors in Ea and IX S were _ 0.9 kcal/mole and _ 3 e.u,
2+ + +for the L N i ( p h e n ) ( b i p y i o n  and _ 1.5 kcal/mole, - 5 e.u. for the 
2+LNi(bipy)(phen)^] ion. These figures can be regarded as order of 
magnitude quantities only and the best evidence for parity in the
191
d i s s o c i a t i o n  and r a c e m i s a t i o n  r e s u l t s  i s  g iv e n  by th e  g r a p h i c a l  
r e p r e s e n t a t i o n .  Here t h e  f i t  t o  t h e  same l i n e  i s  o b t a i n e d  by e i t h e r  
e x p e r im e n ta l  method and w i t h  one e x c e p t i o n  t h e r e  i s  random s c a t t e r i n g  
o f  t h e  p o i n t s .  The e x c e p t i o n  (IN  HC1) c o u ld  be a s c r i b e d  t o  a l a r g e r  
t h a n  a v e ra g e  s y s t e m a t i c  e r r o r .
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CHAPTER EIGHT
5 .0  NICKEL COMPLEXES -  DISCUSSION OF RESULTS.
The e x p e r i m e n t a l  work w i l l  be d i s c u s s e d  u n d e r  t h e s e  
h e a d in g s  -
8 .1  R e a c t i o n  m echanism s i n  a c id  s o l u t i o n .
8 .2  R e a c t i o n  mechanisms i n  aqueous s o l u t i o n s .
8 .3  R e a c t i o n  m echanism s i n  o r g a n ic  s o l v e n t s .
8 .1  REACTION MECHANISMS IN ACID SOLUTIONS.
In  t h e  t e m p e r a t u r e  ra n g e  s tu d i e d  th e  r a t e s  o f  d i s s o c i a t i o n
2+
and r a c e m i s a t i o n  o f  t h e  C N i ( p h e n ) ( b i p y i o n  i n  5N a c id  a r e  i d e n t ­
i c a l  w i t h i n  t h e  e x p e r i m e n t a l  e r r o r s .  The same i s  t r u e  f o r  
2+
uN iC bipy) ( p h e n ) 03 o v e r  t h e  a c id  r an g e  1 -5  n o rm a l .  I t  i s  c o n c lu d e d  
t h e r e f o r e ,  t h a t  r a c e m i s a t i o n  t a k e s  p l a c e  by d i s s o c i a t i o n  m ec h a n ism s .
I t  i s  e v i d e n t  t h a t  b o th  r a c e m i s a t i o n  and d i s s o c i a t i o n  
r a t e s  a re  m ark e d ly  i n c r e a s e d  by t h e  c o n c e n t r a t i o n  o f  a c id  p r e s e n t .
The d ep en d en ce  o f  b o th  r a t e s  on t h e  a c i d i t y  i s  shown f o r  t h e
CNiCbipy X p h e n ) ^  io n
2 HCLCNB
1 9 3 .
d i s s o c i a t i o n  v a lu e s  and th e  c r o s s e s  t h o s e  f o r  r a c e m i s a t i o n .  A 
s i m i l a r  g r a p h  was o b ta in e d  e a r l i e r  f o r  t h e  r a c e m i s a t i o n  o f  t h e  
£ N i (p h e r i (b ip y ) ^  io n  ( s e e  C h a p te r  6 , F i g u r e  6 . 5 4 ) ,  An e x p l a n a t i o n  
i s  so u g h t  w h ich  w i l l  a cco u n t  f o r  -
Ca) r a c e m i s a t i o n  by a d i s s o c i a t i o n  p r o c e s s ;
( b )  t h e  a c id  dependence  o f  t h i s  p r o c e s s ;
( c )  t h e  r e l a t i o n s h i p  o f  t h e  r e s u l t s  o f  t h o s e  o f
p r e v io u s  i n v e s t i g a t i o n s .
The com plex  io n s  a re  c o n v e n ie n t l y  r e f e r r e d  t o  as  -
( 0 )  C N iC p h e n ) ^ ^
( 1 )  CNiCphen)2 Cbipy ) 3 2+
( i i )  l lN i (p h e n ) (b ip y  )o 3 2
( i i i )  LN iC bipy)sl 2+
In  th e  r a c e m is a t  io n  o f  t h e  mixed l ig a n d  com plexes  t h e  
o p e r a t i o n  o f  a d i s s o c i a t i o n  mechanism r e q u i r e s  t h a t  e i t h e r  a p h e n a n -  
t h r o l i n e  o r  a b i p y r i d i n e  g roup  be l o s t  f i r s t .  S in c e  t h e  r e s u l t s  o f  
p r e v i o u s  work show t h a t  t h e  r a t e s  o f  r a c e m i s a t i o n  and d i s s o c i a t i o n  
f o r  ( i i i )  a re  m arked ly  a c id  d e p e n d e n t  w h i l e  t h o s e  f o r  (o )  a re  n o t ,  
i t  i s  r e a s o n a b le  t o  c o n c lu d e  t h a t  t h e  b i p y r i d i n e  in  ( i )  and ( i i )  
p r o d u c e s  t h e  a c id  dependence  o b s e r v e d .  I t  i s  a l s o  l i k e l y ,  i n  v iew  
o f  t h e  d i s s o c i a t i o n  mechanisms knov/n f o r  ( i i i ) ,  t h a t  a b i p y r i d i n e  
l i g a n d  i s  t h e  f i r s t  to  d i s s o c i a t e .
F o r  com plex ( i )  l o s s  o f  a  b i p y r i d i n e  l e a v e s  b eh ind  th e
2+
more s lo w ly  d i s s o c i a t i n g  I L N iC p h e n ^ O ^ O )^  i o n .  In  a c c o rd a n c e  
w i t h  t h e  p r e v io u s  i n t e r p r e t a t i o n  t h i s  i s  e i t h e r  a l r e a d y  i n a c t i v e  o r  
r a p i d l y  l o s e s  i t s  a c t i v i t y . 0^ The r e s u l t  i s  r a c e m i s a t i o n .
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For complex (ii) loss of a bipyridine must result in the 
formation of a mixed bis complex and if this is inactive or rapidly 
loses its activity, racemisation follows. Alternatively, loss in 
activity might arise from further rapid dissociation of the active 
bis to give the inactive mono complex, e.g.
■ >
It was not possible to obtain dissociation data in 
solutions of less than 0.5N acid. From the continuous nature of the 
plot it appears that dissociation parallels racemisation down to 0.1N 
acid. In the range 0.1-2N the racemisation increases by a relatively 
small amount but outside this the changes are more pronounced. The 
Ea and A s ^  values in the acids employed are given in the following 
table. It is seen that the activation energy decreases with increas­
ing acid concentration though this is partly compensated by a more
negative entropy of activation
195
2+
C N K b ip y  ) ( p h e n ) ,-J___
HCl H9 SO4
A c id R a c e m i s a t  i o n D i s s o c i a t i o n R a c e m i s a t  i o n D i s s o c i a t i o n
n o r m - E a A s* E a A s* 2 a A s* E a A s*
a l i t y k c a l s  e . u .  
m o le ~ x
k c a l s
m o le " -1-
e  . u . k c a l s
m o l e “ x
e  . u . k c a l s
m o l e ” 1
e  . u .
1 . 0 2 2 . 2 + 1 . 6 2 2 . 7 + 3 . 0 2 1 . 9 + 0 . 6 - -
1 . 9 7 - - - 2 3 . 1 + 4 . 7 2 1 . 3 - 1 . 2
2 . 9 8 2 2 . 1 +2 . 0 2 1 . 4 - 0 . 6 - - - -
5 2 1 . 6 + 1 .4 2 1 . 0 - 1 . 0 2 1 . 4 + 0 , 7 1 9 . 9 - 0 . 6
i l N i ( p h e n ) ( b l p y  ) o3___
A c i d
HC1
R a c e m i s a t i o n D i s s o c i a t i o n
H
R a c e m i s a t  i o n
2 ^ 4
D i s s o c i a t i o n
n o r m - E a A s * E a  A s * E a  A S * E a A S*
a l i t y k c a l s e . u . k c a l s  e . u . k c a l s  e . u . k c a l s e , u .
1 . 0
m o l e ” 1
2 1 . 6 + 1 . 4
m o le ” 1 m o l e ” 1 
2 2 . 3  + 3 . 9
m o l e ” '*'
3 . 0  ( 2 . 9 8
HC1) 2 1 . 2  0 . 6 2 1 . 4  + 0 . 5
- 1 . 1  2 0 . 3  - 1 . 6 + 0 . 5  1 9 . 4  - 5 . 05 . 0 2 0 . 4 2 0 . 9
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The dissociation mechanism proposed may be illustrated as 
follows where N-N represents a bipyridine ligand.
It is reasonable to assume that the ligands dissociate step-wise. 
Stage (1) represents a reversible reaction between the tris complex 
and a partly dissociated intermediate. Partial dissociation as here 
envisaged must precede complete dissociation; the alternative being 
the very unlikely three-centred reaction involving the simultaneous 
rupture of two metal-nitrogen bonds. Thus the dissociation in 
step (1) would be expected to take place with all four complexes 
under discussion. However, for Co) the nitrogen would be held in 
the vicinity of the metal after bond-breaking has occurred, owing to 
the rigid nature of the phenanthroline ligand. Thus re-formation of 
the original tris configuration would be favoured compared with
step (2)
197
On the other hand, step (2) would be expected to proceed 
much more readily where a bipyridine molecule was concerned. Not 
being rigid it could permit one end to detach and move further away 
from the positive field of the metal. Thus a hydrogen ion from the 
solution could attach to the free nitrogen. At stage (3) the posit­
ive charge on the bipyridine would distribute over the whole ligand, 
and weaken the remaining metal-nitrogen bond so that dissociation 
follows. The possibility of a direct attack by a proton on the
undissociated tris complex is thought unlikely as a similar attack
2+could take place with E-Ni(phen) 3^ but here no acid dependence is
observed•
Evidently the bis complex formed on dissociation of one
bipyridine group must be either optically inactive or racemise 
33rapidly. Otherwise not only excess bipyridine but also excess
phenanthroline should retard the racemisation in aqueous solution. 
The proposed mechanism is consistent with the lowering in 
activation energy found as the acid concentration increases. The 
tendency for the entropy terms to become more negative might be 
identified with a decreased number of particles in the transition 
state, e.g.
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In view of the experiments carried out in this work (see
212section 2.7, page ), the results of Healy and Murmann on the
24-behaviour of QFe(bipy)^3 and related ions in concentrated acids
are open to serious doubts and cannot be taken as evidence against
half-bonded intermediates. In addition, the rates of dissociation 
24* 24* 244of the QFe(bipy)33 and kNi(en)o3 ions are acid dependent,
and both contain ligands capable of a one-ended detachment in the 
manner suggested.
Finally, the possibility that the acid dependence results
from attachment of a proton to the heterocyclic ring is not consist-
24-ent with the acid independent dissociation of CNi(phen)0J • More-
24-over, LFe(phen)o3 displays only a slightly acid dependent dis­
sociation rate. It is difficult to see why a proton should not 
just as readily attach to a phenanthroline as to a bipyridine ligand 
if the attachment is of this type.
The table below summarises the available data in 5 normal 
hydrochloric acid at 25°C. The k values are taken from the race-
misation figures and reference 89.
2 —1Comolex 10^k(min~ ) Ea(kc als * a iA s '  (e.u.)
(o) CNi(phen)^]2 0.06
mole“1)
25.0 -0.6
(i) LNi(phen)2(bipy ).l2 27.6 21.6 1.4
(ii) CNi(phen)(bipy ^ 66.0 20.4 -1.1
( iii)LNi(bipy )312+ very fast - -
# calculated as in section 6.4
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The presence of at least one bipyridine ligand in the complex 
increases the rate in acid solution by lowering the activation energy, 
as required by the proposed mechanism. Unfortunately (iii) has not 
been studied as fully as the other members of the set, no doubt 
owing to the rapidity of its reactions in acid solution at the
usual temperatures. It was possible to utilise the results of
0 3Schweitzer and Lee to obtain the pH dependence curve (i) ) shown 
in Figure 8,1. The similarity of complexes (i), (ii), and (iii) is 
clearly demonstrated in their racemisation behaviour over the pH 
range.
FIGURE 8 . 1
o -  o ^ - e
3 5 7  9pH
2+
( 1 )  Öl iC bipy  >^3 i o n .
( 2 )  C N i ( b i p y ) 2 (phen)H2+ i o n .
( 3 )  luNi(bipy )Cphen>2.32+ i o n .
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The sharp increase in rate observed at an acid concentration
—2of about 10 M could be explained by the formation of a half-bonded,
protonated intermediate, which then racemised rapidly. In addition,
a further effect could be present. It has been pointed out (sections
S.^T, 6.S ) that excess bipyridine retards the racemisation rate in
00aqueous solution. Contrary to earlier work0 excess bipyridine was
2+also found to retard the racemisation of the CNi(bipy) 3 ion. For 
example in water at 10°C the rate constant was reduced from 
(1.86 i 0.08) x 10 2 to (1*62 1 0,07) x 10""2 min“^ in the presence 
of 0.028M bipyridine. Therefore, as re-formation takes place with 
some retention of configuration, the addition of acid would reduce 
the free bipyridine concentration and so contribute to the increase 
in racemisation rate (but cf: 8.2, the amount of re-formation with 
retention of configuration in neutral solution is thought to be very 
small)•
The racemisation and dissociation rates are seen to continue
to increase as the acid concentration exceeds 3 normal (Figures 6.54,
8.0). The dissociation results indicate that the bipyridine group
re-attaches in 3 normal and also in 4 and 5 normal acids, though in
the last two the extent is comparatively small. The increased rate
above 3 normal could be understood in terms of the reduced rate of
the reverse reaction, the bipyridine being present largely as the 
2+ 221(bipy H ) ion. Finally, it might be more appropriate to treat
the high acid concentrations as equivalent to a change in solvent and 
the rate variations explained on this basis.
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8 .2  REACTION MECHANISMS IN AQUEOUS SOLUTIONS.
In  t h e  absence  o f  d i r e c t  i n f o r m a t io n  on t h e  r a t e s  o f  d i s ­
s o c i a t i o n  in  aqueous s o l u t i o n  th e  c o n c l u s i o n s  r e g a r d i n g  m echanisms 
o f  r a c e m i s a t i o n  i n  t h i s  s o lv e n t  must r e m a in  open  t o  q u e s t i o n .
A nalogy w i t h  t h e  s im p le  com plexes  and t h e  r e s u l t s  j u s t  d i s c u s s e d  f o r  
t h e  m ixed com plexes  makes i t  n o t  u n l i k e l y  t h a t  t h e  d i s s o c i a t i o n  
m echanism  p e r s i s t s .  In  a d i s s o c i a t i o n  m echanism i n  aqueous s o l u t i o n  
t h e  s t e p w is e  de tachm en t o f  a b i p y r i d i n e  l i g a n d  has  been  s u g g e s t e d .  
C o n s e q u e n t ly ,  upon a o ne-ended  d e tach m en t o f  a b i p y r i d i n e ,  w a te r  
m o le c u le s  c o u ld  occupy th e  v a c a n t  s i t e  on t h e  m e t a l .  They p r e v e n t  
r e - a t t a c h m e n t  so t h a t  when th e  second m e t a l - l i g a n d  bond b re a k s  
d i s s o c i a t i o n  f o l l o w s .  Such a p r o c e s s ,  o f  c o u r s e ,  c o u ld  c o n t r i b u t e  
t o  t h e  r a c e m i s a t i o n  i n  a c id  s o l u t i o n  a l s o  and may be a p p l i e d  t o  b o th  
t h e  c o m p le x e s .
In  an an a lo g o u s  manner i t  i s  p o s s i b l e  t o  i n t e r p r e t  t h e  
e f f e c t s  o f  c e r t a i n  io n s  on th e  r a c e m i s a t i o n  r a t e s  ( s e c t i o n s  6 ,^&,
F o r  exam ple , com plexes ( i ) ,  ( i i ) ,  and ( i i i )  i n  b a s i c  
s o l u t i o n s  o f  pH g r e a t e r  t h a n  t e n  show a marked i n c r e a s e  i n  r a t e  
w h i l e  com p lex  ( o ) ,  w hich c o n t a i n s  no b i p y r i d i n e  l i g a n d s ,  i s  o n ly  
s l i g h t l y  a f f e c t e d  even  in  1M p o ta s s iu m  h y d r o x id e .  I t  i s  p ro p o se d  
t h a t  a  h a l f - b o n d e d  in te r m e d ia t e  c o u ld  be in v o lv e d  h e re  i n  w h ich  th e  
s t r o n g l y  n u c l e o p h i l i c  OH” io n  a t t a c h e s  t o  t h e  v a c a n t  s i t e  and so 
p r e v e n t s  r e - a t t a c h m e n t  o f  t h e  f r e e  n i t r o g e n .  On th e  b r e a k in g  o f  
t h e  second  m e t a l - n i t r o g e n  bond d i s s o c i a t i o n  and r a c e m i s a t i o n  t a k e  
p l a c e .  The in c r e a s e d  r a t e s  a re  found  t o  be a c o n seq u e n c e  o f  t h e  
lo w e r  a c t i v a t i o n  en e rg y  r e q u i r e d ,  ( c f . .  C l ” io n  s e c t i o n  2 . 3 3 ) ,
2 0 3 .
A l t e r n a t i v e l y  th e  0H~* io n  c o u ld  a t t a c k  t h e  com plex , e i t h e r  b e f o r e  o r  
a t  t h e  h a l f - b o n d e d  s t a g e ,  i n  a  b i m o l e c u l a r  mechanism t o  p ro d u ce  d i s ­
s o c i a t i o n  and r a c e m i s a t i o n .  T h e re  seems t o  be no r e a s o n ,  how ever, 
why t h e  CNi(phen) J 2i" io n  s h o u ld  n o t  a l s o  s u f f e r  such  an a t t a c k  by 
0H“ i o n .
The i n c r e a s e  i n  r a c e m i s a t i o n  r a t e  o b s e rv e d  i n  t h e  p r e s e n c e  
o f  e i t h e r  NOo“ , C l " ,  Br“ o r  F~ io n s  may be e x p la i n e d  by a mechanism 
s i m i l a r  t o  t h a t  p ro p o sed  f o r  OH i o n .  T h a t  i s ,  t h e  io n s  c o u ld  a t t a c h  
t o  t h e  m e ta l  a t  t h e  h a l f - b o n d e d  s t a g e  and f a v o u r  co m p le te  l o s s  o f  
l i g a n d .  The above io n s  have no e f f e c t  on  t h e  r a c e m i s a t i o n  o f  com plex  
( o ) ,  i n  ag reem en t w i th  t h e  ab sen ce  o f  b i p y r i d i n e  l i g a n d s  w h ich  c a n  
r e a d i l y  h a l f - b o n d .
F o r  b o th  mixed com plexes  b i p y r i d i n e ,  b u t  n o t  p h e n a n t h r o l i n e ,  
p ro d u c e s  a r e t a r d a t i o n  in  t h e  r a c e m i s a t i o n  r a t e  w h ich  i s  a t t r i b u t e d  
t o  a m ass—law r e t a r d a t i o n .  I t  c o u ld  be e n v is a g e d  as  a r e —a tta c h m e n t  
v i a  one end o f  a b i p y r i d i n e  t o  t h e  s i t e  l e f t  v a c a n t  i n  a  h a l f - b o n d e d  
i n t e r m e d i a t e .  At t h i s  s t a g e  t h e  i n t e r m e d i a t e  may be r e p r e s e n t e d  as 
f o l l o w s :
R e t e n t i o n  o f  c o n f i g u r a t i o n  t a k e s  p l a c e  as  one h a l f —bonded l ig a n d  
can  l e a d  t o  r e - f o r m a t i o n  o f  t h e  a c t i v e  t r i s  com plex  upon d i s s o c i a t i o n  
o f  th e  o t h e r .  M o le c u la r  m odels  show t h a t  i t  i s  n o t  p o s s i b l e  t o  
a t t a c h  a p h e n a n th r o l i n e  g roup  a t  t h e  h a l f —bonded s t a g e ,  t h u s  a c c o u n t -
204
ing for the failure of excess phenanthroline to affect the rates.
This results from the rigid nature of phenanthroline, which leads to 
steric hindrance involving a nitrogen atom belonging to an attached 
ligand and one of the phenanthroline nitrogens. On the other hand 
the more flexible bipyridine group can twist one ring relative to
the other and remove this steric hindrance to reattachment.
2+A specific effect with ions such as Ni might be expected 
on the basis of the mechanism proposed. It should be possible to 
produce accelerated raceraisation rates as a consequence of the metal 
ion attaching itself to the free end of a half-bonded bipyridine.
At the maximum concentration of nickel employed (0.16M) there was 
no significant effect on the racemisation rate constant in water. 
Higher concentrations were not practical as it became impossible to 
see through the polarimeter tube.
It might also be expected that the presence of metal ions 
which are capable of reaction with bipyridine could increase the 
racemisation rate by affecting the rate of the reverse reaction. 
However, the failure to observe an increased rate need not be 
surprising as it is not necessary for the re-formation reaction to 
occur with 100% retention. It appears more probable that in the 
absence of added bipyridine the amount of re-formation taking place 
with retention is very small.
There was no significant effect with other bidentate ligands 
on the racemisation rates at concentrations of the same order as used 
for bipyridine (Table 6,81). It would be necessary for an added 
ligand to react with the half-bonded intermediate at a rate compar-
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a b le  t o  t h a t  o f  th e  b i p y r i d i n e  group i n  o r d e r  t o  p ro d u ce  an o p t i c a l l y  
a c t i v e  p r o d u c t  and so a f f e c t  t h e  r a c e r a i s a t i o n  r a t e .  E v i d e n t l y  t h i s  
d o e s  n o t  t a k e  p l a c e .
8 .3  REACTION MECHANISMS IN ORGANIC SOLVENTS.
T a b le  8 ,3  sum m arises t h e  r e s u l t s  f o r  b o th  mixed com plexes
i n  t h e  s o l v e n t s  u s e d .  I t  may be s e e n  ( F ig u r e  8 . 3 ) ,  t h a t  t h e  r a c e -
m i s a t i o n  r a t e s  do no t  v a ry  i n  any s im p le  way w i th  t h e  d i e l e c t r i c  
c o n s t a n t  (J? ) o f  t h e  s o l v e n t .  S i m i l a r  o b s e r v a t i o n s  have been  made 
f o r  t h e  s im p le  t r i s  com plexes ( S e c t i o n  2 . 4 ) .  The r e s u l t s  a re  no t  
s u r p r i s i n g  as  t h e r e  a re  o b v io u s  d i f f e r e n c e s  be tw een  t h e  s o l v e n t s  
u s e d ,  f o r  example s t r u c t u r e  o f  th e  s o l v e n t  m o le c u le s  and t h e i r  
a b i l i t y  t o  c o o r d i n a t e .
An e x a m in a t io n  o f  T a b le  8 .3  shows t h a t  th e  d e c r e a s e d  r a t e s
i n  o r g a n i c  s o l v e n t s  compared t o  t h e  r a t e s  i n  w a te r  a r e  a r e s u l t  o f
more n e g a t i v e  e n t r o p i e s  o f  a c t i v a t i o n .  The e n e r g i e s  o f  a c t i v a t i o n  
a re  s e e n  t o  d e c r e a s e .  An i n t e r p r e t a t i o n  o f  t h e  e n t r o p y  c h a n g es  may 
be g iv e n  i n  te rm s  o f  t h e  d i s s o c i a t i o n  mechanism a l r e a d y  p ro p o se d  
f o r  a c id  s o l u t i o n s .  T here  would t h e n  a p p e a r  t o  be two f a c t o r s  i n  
o p p o s i t i o n .  F i r s t l y ,  th o s e  c o n t r i b u t i n g  t o  an  i n c r e a s e  i n  e n t r o p y ,  
w hich  may be s e t  o u t  as f o l l o w s :
( a )  The fo rm a t io n  o f  a  h a l f - b o n d e d  i n t e r m e d i a t e  s u g g e s t s  
a  t r a n s i t i o n  s t a t e  h a v in g  an i n c r e a s e d  freedom  o f
movement o f  t h e  l i g a n d s  and t h e r e f o r e  g r e a t e r  e n t r o p y .
_ 2+
( b )  A m o le c u la r  model o f  t h e  L F e ( p h e n ) ^  com plex  io n  has  
shown th e  p r e s e n c e  o f  t h r e e  m a jo r  p o c k e t s  i n  be tw een  
th e  l i g a n d s ,  in  w hich  w a te r  m o le c u le s  c a n  f i t  t o  g iv e
a f a i r l y  compact s p h e r i c a l  a g g re g a te
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A s i m i l a r
Fig. 8-3
(1 )  t f i ( p h e n ) ( b i p y ) 2 (C10 ) 2
(2)  N i ( b i p y ) ( p h e n ) 2 (C10^)2
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aggregate should be possible for the nickel complexes. 
Therefore in water, and perhaps other solvents, a 
positive  entropy increment could arise  from the re lease  
of solvent from the i n i t i a l  aggregate in forming the 
t r a n s i t io n  s ta te .
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TABLE 8.3
RACEMISATION IN VARIOUS SOLVENTS 
L N i C b ip v X p h e n)^2
Solvent log A Ea(kcals) A s* ? 25°C 2 -:10 k(min
(sec-1) e .u. 25°C
water 14.05 23.6 3.8 78.5 3.32
39.7%
ethanol-water 13.13 23.3 -0.4 - 0.638
ethanol 12.13 23.1 -5.0 24.3 0.0972
methanol 12.19 22.7 -4.7 32.6 0.198
formamide 12.64 22.6 -2.7 109 0.787
pyridine 11.01 20.9 •10 12.3 0.304
nitrobenzene 8.56 19.8 -21 35.0 0.0069
2+CNi(phe n)(bipy) nj
water 13.90 22.9 3.1 78.5 7.81
39.7%
ethanol-water 13.79 23.7 2.6 - 1.73
ethanol 9.58 18.9 -16.7 24,3 0.307
methanol 11.64 21.5 -7.2 32.6 0.462
formamide 13.23 22.8 +0.1 109 2.04
pyridine 12.41 22 .1 -3.7 12.3 0.977
glacial 
acetic acid 11.90 22.3 -6.0 6.2 0.226
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Those  f a c t o r s  w h ic h ,  on t h e  o t h e r  hand , c o u ld  c o n t r i b u t e  t o  
an  e n t r o p y  d e c r e a s e ,  a re  s e t  o u t  be low :
( c )  I f  t h e  mechanism in v o lv e s  p a r t i a l  d i s s o c i a t i o n  i t  i s  
r e a s o n a b le  t o  e x p e c t  t h e  f o r m a t io n  o f  a more p o l a r  
t r a n s i t i o n  s t a t e  t e n d i n g  t o  " f r e e z e ” s o l v e n t  m o le c u le s .
( d )  C e r t a i n  o f  t h e  s o l v e n t s  u sed  a re  known t o  form  com-
_ 2+
p l e x e s  w i t h  t h e  t r a n s i t i o n  m e ta l  i o n s ,  e . g ,  LNi(H20)g3 , 
_ _ 3+ _ 2+
LFe(H 0 )  J  , and L N i(py) U • In  a d i s s o c i a t i o n
2 6 4
m echanism i t  i s  p r o b a b le  t h a t  t h e  s o lv e n t  would i n t e r ­
a c t  w i t h  t h e  v a c a t e d  s i t e  on t h e  m e ta l ,  t h e  d e g re e  o f  
i n t e r a c t i o n  d e p e n d in g  t o  a f i r s t  a p p ro x im a t io n  on th e  
a b i l i t y  o f  t h e  s o l v e n t  m o le c u le  t o  c o o r d i n a t e .  The 
b in d in g  o f  a s o lv e n t  m o le c u le  i n  t h i s  way c o u ld  r e s u l t  
i n  an e n t r o p y  d e c r e a s e .
The e f f e c t s  o f  a  change  i n  s o lv e n t  on  t h e  r a c e m i s a t i o n  r a t e s  
may be a p p ro x im a te ly  c o r r e l a t e d  w i t h  t h e  c o o r d i n a t i n g  power o f  t h e  
s o l v e n t .  F o r  exam p le ,  t h e  o r d e r  o f  d e c r e a s i n g  r a c e m i s a t i o n  r a t e  i s  
as f o l l o w s  f o r  b o th  mixed com plexes  i n  v a r i o u s  s o l v e n t s :  
w a te r  >  formamide >■ p y r i d i n e  > m e th a n o l  >  e t h a n o l  }  n i t r o b e n z e n e  ^
g l a c i a l  a c e t i c  a c i d .  The same sequence  was o b t a i n e d  f o r  t h e
2+ 2+L N i(b ipy )g3  com plex  w h i le  t h e  o r d e r  f o r  C N K p h e n ) ^  p l a c e d
p y r i d i n e  b e fo r e  w a t e r , ' On t h e  o t h e r  hand , t h e  somewhat a n a lo g o u s
— 2+  2+
i r o n  com plexes  Ü T eC phen)^  and W FeC bipy)^  a re  known t o  r a c e m is e  
f a s t e r  i n  n i t r o b e n z e n e  t h a n  i n  w a t e r ,  and an i n t r a m o l e c u l a r  mechan­
ism i s  b e l i e v e d  t o  o p e r a t e  i n  b o th  s o l v e n t s .
In  t h e  ab sen c e  o f  a d i s s o c i a t i o n  mechanism t h e  com plexes  
c o u ld  ra c e m is e  i n  o r g a n i c  s o l v e n t s  by any o f  t h e  i n t r a m o l e c u l a r
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m ethods d i s c u s s e d  e a r l i e r  ( S e c t i o n  2 . 1 ) .  F o r  exam ple , a mechanism 
o f  t h e  Ray and D u t t  ty p e  c o u ld  be c o r r e l a t e d  w i t h  t h e  n e g a t i v e  
e n t r o p i e s  o f  a c t i v a t i o n  fo u n d .  The ab sen c e  o f  a r e t a r d i n g  e f f e c t  
by e x c e s s  b i p y r i d i n e  when in  o r g a n ic  s o l v e n t s  c o u ld  be a c co u n te d  f o r  
by an i n t r a m o l e c u l a r  m echanism . A lso  t h e  e f f e c t  o f  o r g a n ic  s o lv e n t  
on  t h e  p a r t i c i p a t i o n  o f  w a te r  m o le c u le s  i n  a h a l f - b o n d e d  i n t e r m e d ia t e  
may be i m p o r t a n t .  E xcess  b i p y r i d i n e  p ro d u c e s  a s m a l l  r e t a r d a t i o n  i n  
r a t e  i n  11.83% mole f r a c t i o n  e t h a n o l - w a t e r  bu t  no e f f e c t  a t  h i g h e r  
e t h a n o l  c o n c e n t r a t i o n s .  A c o n s i d e r a t i o n  o f  F ig u r e  6 .9 1  (page lW -)  
shows t h a t  a t  h ig h e r  e th a n o l  c o n c e n t r a t i o n s  t h e  r a c e m i s a t i o n  r a t e  
d e c r e a s e s  q u i t e  sudden ly  and t h e n  re m a in s  a lm os t  u n a f f e c t e d  by 
f u r t h e r  i n c r e a s e d  a lc o h o l  c o n t e n t .  In  a d d i t i o n ,  t h e  sh a p e s  o f  t h e  
p l o t s  f o r  com plexes  ( i ) ,  ( i i ) ,  and ( i i i )  a re  q u i t e  d i f f e r e n t  from 
t h a t  o f  com plex  (o )  (F ig u r e  ) ,  P r o v id e d  t h a t  one b i p y r i d i n e
l ig a n d  i s  p r e s e n t  t h e n  i t  a p p e a r s  t h a t  t h e r e  a r e  f e a t u r e s  common t o  
t h e  r a c e m i s a t i o n  m echanism s, s in c e  t h e y  a r e  a f f e c t e d  so s i m i l a r l y  by 
c h a n g e s  i n  s o lv e n t  c o m p o s i t io n .  U n f o r t u n a t e l y ,  m easu rem en ts  o f  t h e  
a c t i v a t i o n  e n e r g i e s  and e n t r o p i e s  i n  39.7% e t h a n o l - w a t e r  do no t  
e x h i b i t  any p a r a l l e l i s m s  be tw een  t h e  c o m p le x e s .  Thus t h e  r e t a r d a t i o n  
i n  r a c e m i s a t i o n  r a t e  found f o r  ( i )  c o u ld  be a t t r i b u t e d  t o  a more 
n e g a t i v e  e n t r o p y  bu t f o r  ( i i )  t h e  r e t a r d a t i o n  i s  a t t e n d e d  by a 
h i g h e r  a c t i v a t i o n  e n e rg y .
I
The p ro p o sed  d i s s o c i a t i o n  m echanism  w h ich  a p p l i e s  t o  b o th  
com plexes  may be summarised as f o l l o w s :
X, Y = s o l v e n t  a n d /o r  s o l u t e  m o le c u le s  o r  i o n s ,
( I n  s p e c i e s  ( I I ) ,  ( I I I ) ,  S = s o lv e n t  and A = an a n io n ic  g r o u p ) .
The f i r s t  d i s s o c i a t i o n  t o  a h a l f - b o n d e d  s t a g e  ( I )  would n o rm a l ly  be 
fo l lo w e d  by r e t u r n  t o  t h e  s t a r t i n g  c o n f i g u r a t i o n .  In  t h e  p r e s e n c e  
o f  a c id  r a p i d  r e a c t i o n  o f  ( IV)  may a c co u n t  f o r  t h e  a c c e l e r a t e d  r a t e .  
Loss i n  a c t i v i t y  would r e s u l t  by t h e  r a p i d  r a c e m i s a t i o n  o f  ( VI )  o r  
a l t e r n a t i v e l y ,  by (VI )  h a v in g  th e  t r a n s  c o n f i g u r a t i o n .  E f f e c t s  on 
th e  r a t e  by S and A co u ld  o c c u r  v i a  s p e c i e s  ( I I )  and ( I I I )  w h i l e  (V) 
would be e x p e c te d  t o  f a v o u r  r e t u r n  t o  t h e  o r i g i n a l  c o n f i g u r a t i o n  and 
so acco u n t  f o r  t h e  sm a l l  r e t a r d a t i o n  o b s e rv e d  w i t h  e x c e s s  b i p y r i d i n e .
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CHAPTER FINE
9 .0  THE RACMI5ATI0N OF THE C r(b ipy)(ox)o  ~ AND C r(phen)(ox) 
IOIIS.
A d isc u ss io n  of the g enera l h i s to r i c a l  background to  the  
racem isa tio n  of C r ( l l l )  complexes has a lread y  been given  (C hapter 2 ) .
9.1 ABSORPTION SPECTRA AND ROTATORY DISPERSION.
The v i s ib le  ab so rp tio n  sp e c tra  are  shown in  F igure 9*1 fo r  
aqueous s o lu tio n s  of the complexes a t c o n ce n tra tio n s  of 0.0044&* Curve 
i  corresponds to  K (Ö r(b ipy)(ox)2) and curve i i  to  K fC rtp h en X o x ^ l j  
( c e l l  th ick n ess  = 1cm). Curve i i i  shows the  o p tic a l  ro ta to ry  d isp e rs io n  
o f a c tiv e  K fc r(b ip y )(o x )2] . A s im ila r  curve was a lso  ob tained  fo r  the  
p henan th ro line  complex (not shown). The la r g e s t  ro ta t io n s  a re  given a t 
w avelengths of about 47° and 555 my^. The sodium yellow  l in e  (589  and 
5 8 9 .6  ny*) proved s a t i s f a c to r y  fo r  r a te  m easurem ents.
2 1 2 .
FIGURE 9 , 1
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9.1
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9 .2  KINETIC STUDIES.
M easurem ents o f  t h e  r a t e s  o f  r a c e m i s a t i o n  w ere  made by a 
t e c h n iq u e  a n a lo g o u s  t o  t h a t  a l r e a d y  d e s c r i b e d  ( S e c t i o n  6 . 3  ) .
The p l o t  o f  lo g  otrZagainst a t im e  a b s c i s s a e  gave good 
s t r a i g h t  l i n e s  f o r  b o th  c o m p le x e s .  From t h e  s lo p e s  f i r s t - o r d e r  
r a t e  c o n s t a n t s  were c a l c u l a t e d  ( S e c t i o n  6.V  ) ,  and found  t o  be i n ­
d e p e n d en t  o f  t h e  i n i t i a l  c o n c e n t r a t i o n s  o v e r  t h e  t e m p e r a tu r e  r a n g e s  
em p loyed . T a b le  9 ,2  g i v e s  some r e s u l t s  i n  aqueous s o lv e n t  a t  
d i f f e r e n t  i n i t i a l  c o n c e n t r a t i o n s  t o g e t h e r  w i t h  some t y p i c a l  ru n s  
w hich  a re  p l o t t e d  i n  F ig u r e  9 , 2 ,
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TABLE 9 .2
R a c e m is a t  io n D a ta f o r  t h e  L C rC b ip y ) (o x )o 3 "  Io n
t ( m i n s )
In  W a te r  a t  25 £  0 .1 °C  
(Z = t u b e  z e ro  r e a d i n g )
CL (o L -  Z) l o g  ( O t -  Z)
0 0 . 9 8 0 .6 9 1 .8 3 9
7 . 5 0 .9 1 0 .6 2 .7 9 2
17 0 .8 4 0 .5 5 .7 4 0
2 9 .5 0 .7 5 0 .4 6 .6 6 3
3 8 .5 0 .7 2 0 .4 3 .6 3 4
51 0 . 6 5 0 ,3 6 .556
60 0 .6 2 0 ,3 3 .519
J'rom t h e  s l o p e in = !5 .3 5  x 1 0 - 3 , k r a o  = 2 .3 0 3  m o r  12 - 3 min'- 1
R a c e m is a t i o n  B a ta
In  W a te r
t ( m i n s )
f o r  t h e  L C r C p h e n H o x ) ^ “* Io n  
. t  a t  20 _ 0 .1 °C
( 0( -  Z) l o g  (QC -  Z)
2 6 .5 1 .2 4 0 .9 4 1 .9 7 3
31 1 .1 8 0 .8 8 .9 4 5
40 v~* • H* to 0 .8 2 .9 1 4
52 1 .0 2 0 .7 2 .8 5 7
66 0 .9 6 0 .6 6 .8 2 0
80 0 .8 8 0 .5 8 .7 6 3
105 0 . 7 8 0 .4 8 .6 8 1
119 0 .7 1 0 .4 1 .6 1 3
1 3 1 .5 0 .6 8 0 .3 8 .5 8 0
145 0 .6 4 0 .3 4 .532
From t h e  s l o p e m = 3 .6 0 x  1 0 - 0 • k r a c = 2 . 3 0 3  m o r
.-3 -1
lo
q 
4-
9 . 2
lo
g.
(t
f-
z)
9 . 2
[Cr(phen)(ox) ]
min.
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TABLE 9 .2  (C o n td .)
I n i t i a l  
C on cent r a t  io n  
(m g/25m l H^Q)
13
6 . 5
30
15
30
3 1T em perature 10 k rpo (m in )
( d e g .  C) K t^CrCbipy)(ox)<J K C C r(p h en )(ox )2-l
20
20
20
35
35
5 . 9 5  ±  0 . 1 9  
6 . 1 0  t  0 . 1 9
3 0 . 5  t 1 
2 9 . 2  1  0 . 9
8 . 4 6  i  0 . 2 7
8 . 5 1  t  0 . 2 7  
3 8 . 2  i  1 
3 7 . 1  t  1
The e f f e c t s  o f  l i g h t ,  i o n i c  s t r e n g t h ,  and pH have been  
s tu d ie d  t o g e t h e r  w ith  th e  te m p era tu re  d ep en d en ce o f  th e  r a t e s  in  
n e u t r a l ,  a c id ,  and a lk a l in e  s o l u t i o n s .
9 ,2 1  KINETIC STUDIES -  THE EFFECT OF LIGHT.
L ig h t i t s e l f  has b een  fou n d  t o  a f f e c t  th e  r a c e m is a t io n  
r a t e s  o f  m e ta l co m p lex es  and in  p a r t i c u l a r  th o s e  o f  C r ( I I I ) ,  (S e e  
S e c t io n  2 . 6 ) .  T h e r e fo r e , th e  e f f e c t  o f  th e  sodium  y e l lo w  l i g h t  em­
p lo y e d  was s tu d ie d  by s im p ly  com paring  th e  r a t e  c o n s t a n t s  o b ta in e d  
f o r  s o l u t io n s  when c o n t in u o u s ly  e x p o se d , w ith  th o s e  o f  s o l u t io n s  
k ep t in  th e  d ark  b etw een  r e a d in g s .  F or b o th  co m p lex es  l i g h t  had no 
e f f e c t .  In a d d i t io n ,  s o l i d  sa m p les  o f  th e  a c t iv e  p o ta s s iu m  s a l t s  
w ere s to r e d  in  th e  d a y l ig h t  and d ark  r e s p e c t i v e l y ,  t h e i r  s p e c i f i c  
r o t a t i o n s  b e in g  m easured from  tim e t o  t im e .  In an i n t e r v a l  o f  
th r e e  m onths th e r e  was no l o s s  in  a c t i v i t y  f o r  e i t h e r  sa m p le .
9 . 2 2  THE EFFECT OF pH;
The r a c e m is a t io n  r a t e  c o n s t a n t s  o b ta in e d  o v e r  th e  pH s c a l e  
ran ge are shown in  T a b le  9 , 2 2 ,  (The b u f f e r  s o l u t io n s  u sed  w ere th e  
same a s d e s c r ib e d  e a r l i e r  ( S e c t io n  6 . 2 0 ) .  I t  was n o t a lw ays p o s s ­
i b l e  t o  a v o id  th e  p r e s e n c e  o f  io n s  known t o  have s p e c i f i c  e f f e c t s
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but their concentrations could be kept comparatively low (^0.2M).
It was found that both complexes were sensitive to changes 
in pH in the alkaline region, while only slight increases were ob­
served in acid solutions. Measurements of the energies and entropies 
of activation show that the increased rates arise mainly from a 
lowering of the activation energy.
TABLE 9.22
(Temperature 25°C)
Buffer Solution £3 10 .iirpc.(min"1)Number (See 6.2) Cc r ( b ip v) ( o x) 0.1 CCr(phen) <
5 0.90 14.5 17.7
5 2.20 11.9 13.7
2 4.22 11.2 -
2 6.04 12.7 15.8
1 7.65 30.4 -
4 7.80 31.1 -
4 8.20 51.2 53.7
4 8.80 71.1 -
1 11.5 74.8 79.8
7 11.75 77.2 79.6
(in 0.019 NaOH) 12.3 — 83.8
217
The Raceraisation of the LCrCbipy)(ox)n3“ Ion
2c TC°K)
in Water
TO3 110 t lO^Cmin“1) log k
20.0 293 3.413 6.10 3.735
25.0 298 3.356 12.4 2.093
30.0 303 3.300 19.2 2.283
35.0 308 3.247 29.8 2.474
18.1 kcal/raole; log A = 9.56 sec~x; A = - 16
log k
WATER
103 1 T
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The R a c e m is a t  i o n o f  t h e  C C r ( b i o v ) ( o x ) o ^ Io n
°C
i n  0
T (°K )
.IN  HC1
3 1 
10 t 1 0 3k ( ra in _J’) l o g  k
2 0 . 0 293 3 .4 1 3 8 .7 0 3 .9 4 0
2 5 . 0 298 3 ,3 5 6 1 3 .3 2 .1 4 0
3 0 .0 303 3 .3 0 0 2 2 .1 2 .3 4 4
3 4 .9 3 0 7 .9 3 .2 4 8 3 5 .3 3 .5 5 4
1 6 .9 k c a l / m o l e ;  l o g  A = 8 ,7 8 s e c  X) A s * = -  20
2 1 9
The R a c e m i s a t i o n  o f  t h e  £ C r ( b i p y X o x ) ^ ]  Ion 
i n  0 »Q9N KOH
°c TC°K) 103 4 1 0 2kCmin“ 'L) lo g  k
10.1 2 8 3 .1 3 ,5 3 2 1 .8 2 2 .2 6 0
1 5 .0 288 3 .4 7 2 3 .1 3 2 .4 9 6
2 0 .0 293 3 .4 1 3 5 .3 9 2 .7 3 2
2 5 .0 298 3 .3 5 6 7 .9 1 2 .8 9 8
E a  = 1 6 .9  k c a l / m o l e ;  l o g  A = 9 .5 4  s e c  ; A s -----1 6 . e . u .
3 1 10 T
2 2 0 .
T he R a c e m i s a t i o n  o f  t h e  C C r ( p h e n ) ( o x ) „ .3 Io n
°C T ( ° K )
i n  W a t e r  
1 0 3 f 1 0 3kCrain” 'J' ) l o g  k
2 0 . 0 2 9 3 3 . 4 1 3 8 . 4 7 3 . 9 2 8
2 5 . 0 2 9 8 3 .3 5 6 1 3 . 9 2 . 1 4 3
3 0 . 0 303 3 . 3 0 0 2 3 . 3 2 . 3 6 7
3 5 . 0 308 3 . 2 4 7 3 7 . 8 2 . 5 7 8
1 8 . 0 k c  a l / m o  l e  • l o g  A = 9 . 6  s e d “ ^ ;  A  S* = -  16 .
l o g  k
WATER
10
3 1 
T
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The R acem isat io n o f  t h e  C C r (p h e n ) (o x ) 9 3 “ Ion
°C TC°K)
in  0 .1 N  HC1
1 0 °  Y lO^kCmin"’'1') l o g  k
1 0 . 0 283 3 .5 3 4  3 .4 7 3 .5 4 0
2 5 , 0 298 3 ,3 5 6  1 7 . 8 2 ,2 5 0
3 0 .0 303 3 ,3 0 0  2 7 .6 2 .4 4 1
3 4 .9 3 0 7 .9 3 .2 4 8  4 4 .9 2 .6 5 2
1 7 ,9 k c a l /m o le ;  l o g  A = 9 . 5 5  sec~’x ; ^ = -  16
l o g  k
3 1
1° t
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Ea
log k
The Rnnemisat ion of the LCrCohen) (ox)__.3_ _ Ion
°C TC°K)
in 0.09N KOH *
103 T 102k(min”J') log k
10,1 283.1 3.532 1.71 2.233
15.0 288 3.472 3.19 2.504
20.0 293 3.413 4.82 2.684
25.0 298 3.356 7.48 2.874
30.0 303 3.300 11,4 1,058
15.8 kcal/mole; log A = 8.66 sec""*-; A S* = - 20
2 2 3
9*23 THE EFFECT OF ADDED IONS .
The f o l l o w i n g  t a b l e  g i v e s  t h e  e f f e c t s  o f  s o l u t i o n s  o f  
d i f f e r e n t  io n ic  s t r e n g t h s  on t h e  r a c e r a i s a t i o n  r a t e s  a t  25°C.
S o l u t i o n I o n ic 10^k(min"‘'L)
S t r e n g t h KCCr(bipy ) ( o x ) r > 3
h2o - 1 2 .4  I 0 .6
kno3 1 1 1 .9  1 0 .6
+
KC1 1 1 1 .9  -  0 .6
K Ü C r(phen )(ox )rJ
h2o - 1 3 .9  i  0 .6
kno3 1 H CS> • to 1 
+
o • -a
♦1 0 .5 1 3 . S * 0 .6
KC1 0 .5 1 5 .7  1 0 .6
M 0 .2 5 ti
NH4N°3 0 .5 H cn • (P
 
1 + O • 00
NH4 (CH3COO) »♦ 2 3 .3  I  1
I t  may be s e e n t h a t  t h e r e  i s a s m a l l  i o n i c  s t r e n g t h
a c c e l e r a t i o n  f o r  t h e  E C r ( p h e n ) ( o x ) ^ " io n  c o u p le d  w i t h  s m a l l  s p e c i f i c
io n  e f f e c t s .
9 .3  CHROMIUM COMPLEXES -. DISCUSSION.
In  th e  absence  o f  c o r r e s p o n d in g  l ig a n d  exchange  d a t a  i t  
i s  o n ly  p o s s i b l e  t o  make some c o m p a r iso n s  b e tw een  t h e  r a c e m i s a t i o n  
r e s u l t s  o f  t h e  two C r ( I I I )  c o m p le x es ,  and i n d i c a t e  what m echanisms 
a p p e a r  t o  be th e  most l i k e l y .  The t a b l e  o v e r l e a f  shows t h e  k i n e t i c  
p a r a m e te r s  o b t a in e d  f o r  v a r i o u s  s o l u t i o n s .  The r a t e  c o n s t a n t s  have 
an a c c u ra c y  o f  w i t h i n  1 5%.
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S o lv e n t i-CrCbinv) (ox )o3  
10^k min  ^ Ea A  s*
G C r(phenX ox) 
10°k m in“ '1' Ea A
(25°C) kc a l e , u , (2  5°C ) k c a l e ,u .
h2o 12 ,4  t  0 .6 18 .1 - 1 6 .8 1 3 .9  t  0 .7 1 8 .0 - 1 6 .6
0.1N HC1 13 ,8  1 0 ,7 16 .9 - 2 0 .3 1 7 .8  t  0 .9 1 7 ,9 - 1 6 .7
0.09N KOH 79 ~r 4 16 ,9 - 1 6 ,8 75 t  4 1 5 .8 - 2 0 ,9
In  w a te r  th e  two complex io n s  have a c t i v a t i o n  e n e r g i e s  
and e n t r o p i e s  t h a t  a re  i d e n t i c a l  w i t h i n  t h e  e x p e r im e n ta l  e r r o r s .  
T h e i r  s i m i l a r i t y  in  r a t e  b e h a v io u r  e x te n d s  t o  a c id  and a l k a l i n e  
s o l u t i o n s  making i t  r e a s o n a b le  t o  suppose  t h a t  t h e  mechanisms used  
m igh t n o t  d i f f e r  ve ry  much. In  a l k a l i n e  s o l u t i o n  th e  i n c r e a s e d  
r a t e s  a re  a t te n d e d  by a change i n  c o lo u r  from re d  t o  g r e e n  and 
e v i d e n t l y  a base h y d r o ly s i s  r e a c t i o n  c o n t r i b u t e s  t o  t h e  o b s e rv e d  
r a t e  •
S u b s t i t u t i o n  o f  a p h e n a n th r o l in e  l ig a n d  f o r  a b i p y r i d i n e  
h a r d ly  a f f e c t s  th e  r a t e  c o n s t a n t s  and s u g g e s t s  t h a t  i t  i s  p ro b a b ly  
th e  o x a l a t e  groups t h a t  a re  c oncerned  in  t h e  r a c e m i s a t i o n  p r o c e s s ,
B ushra  and Johnson4 '^ have s tu d i e d  th e  r e l a t e d  io n s  G C rC e n X o x )^
-  3 -and k-Cr(ox) J   ^ and found a c t i v a t i o n  e n e r g i e s  o f  1 5 ,8  k c a ls /m o le  
in  b o th  c a s e s  (w i th  lo g  A 8 ,9  and 8 ,05  s e c ~ x r e s p e c t i v e l y ) .  T h e i r  
s t u d i e s  d id  not in c lu d e  a c id  o r  a l k a l i n e  s o l u t i o n s .  An i n t r a ­
m o le c u la r  mechanism has  been d e m o n s t ra te d  f o r  t h e  CCrCox)^^^ io n  
and b o n d -b re a k in g  i3  known t o  c o n t r i b u t e  t o  th e  o b s e rv e d  r a t e ,  A 
Common mechanism of  r a c e m i s a t i o n  c o u ld  be e n v is a g e d  f o r  t h e  
£ C r ( b ip y ) ( o x ) 2^~  and CCr(phen)(ox)o.3~ io n s  i n  w h ich  a one-ended  
de tachm en t o f  one o r  two o x a l a t e  r i n g s  i s  fo l lo w e d  by r e a t ta c h m e n t
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to give either d or 1 forms with equal probability (_cf. Section
2.1).
A mechanism of the Ray and Dutt type in which no bonds 
are broken could also account for the racemisation. It is interest­
ing to consider the likelihood of this occurring in Cr(III) com­
plexes. On electrostatic grounds the movement of a pair of ligands 
in opposite directions through 45 degrees in the plane of the bonds 
should be facilitated by the absence of T2g electrons. In such 
movement the ligand field must interact with these electrons and 
the degree of interaction would be related to the number of electrons 
present. This would be expected to have a destabilising effect on 
the intermediate in the Ray and Dutt mechanism, and for a given 
metal ion the mechanism would be expected to be less favourable as 
the negative field of the ligand increased. It may be noted that 
both the ^CoCox^l and tCr(ox) ^3 ~ ions racemise in part by 
intramolecular mechanisms possibly of the Ray and Dutt type. The
o gkCoCox)^ “ ion, with configuration (T2g) , has an activation 
energy of 26 kcals mole~J' which is approximately 10 kcals greater
O 3 ^than the CCr(ox) g 3 “ ion (configuration (T2g) ),
It is also noteworthy that the intramolecular racemisa- 
2+ 2+tion of the ions CFeCphen)^ and QFeCbipy)^ is thought to be
* Dissociation to a 5 covalent square pyramid intermediate as re­
quired, say, in a half-bonded mechanism, could lead to an 
activation energy difference of this order of magnitude.^ In 
a strong field Cr(III) loses 2Dq of L.F.S.E. compared with 4Dq 
for Co(III). Dq has a value of 5-6 kcals for the trivalent 
metal ion hydrates and a similar figure would be expected for 
the oxalate ligand leading to an activation energy difference 
of 2Dq 10-12 kcals.
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130a 49preceded by expansion to a high spin excited state. 7 The
last mentioned involves removal of electrons from the T2g level 
and so would facilitate the Ray and Dutt racemisation process 
believed to be present.
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s h o p s  f o r  e x c e l l e n t  c o o p e r a t i o n  i n  m a k in g  a p p a r a t u s ,  and  t h e  p h o t o ­
g r a p h i c  s e c t i o n  f o r  t h e  r e p r o d u c t i o n  o f  d i a g r a m s .
F i n a l l y ,  I  t h a n k  M r s ,  C u t h b e r t s o n  f o r  t y p i n g  p a r t  o f  t h e  
d r a f t  c o p y ,  M is s  B ,  K a b le  who t y p e d  t h e  f i n a l  c o p y ,  and  my w i f e ,  
M a r g a r e t ,  f o r  b o t h  t y p i n g  t h e  d r a f t  a n d  s u s t a i n i n g  t h e  a u t h o r .
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